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AEROSPACE ENGINEERING AT CORNELL

by David A. Caughey

If the aircraft industry is in the doldrums, you wouldn't know
it from the state of activity in aerospace engineering at Cornell.
As the articles in this issue of the Quarterly illustrate, R&D in
aerospace technology is vigorous and exciting and the future
holds promise for expanding horizons—not only technologi-
cally but literally, in space around and beyond our Earth.

Of course, a relatively small research program such as
Cornell's must focus on certain areas of a field that is as en-
compassing as aerospace engineering. The field covers four
aspects of flight-vehicle performance—aerodynamics, propul-
sion, structures, and dynamics and control—as well as the sys-
tems aspects of working within the constraints imposed by
each of these separate disciplines to design a workable vehicle.
In Cornell's Sibley School of Mechanical and Aerospace En-
gineering, the principal emphases are on aerodynamics and
the mechanical and thermal aspects of aerospace engineering,
areas that have been the basis of Cornell's historical strength
in aerospace engineering. Although less attention is given to
structures and to dynamics and control, important programs
relevant to flight structures are ongoing in civil and environ-
mental engineering, in theoretical and applied mechanics, and,
more recently, in the Sibley School itself.

The articles in this issue concern technologies that have
significant applications to the aerodynamic design of aircraft,
the design of more efficient, more powerful, and less-pollut-
ing engines for both aircraft and stationary power plants, the
design of thrusters for attitude control and station-keeping of
orbiting satellites, the behavior of the wakes of wings and bluff
bodies, and fundamental technology important for understand-
ing the behavior of rocket fuels and other liquids in the
microgravity environment of earth orbit or deep space. These
articles indicate the balance that exists between experimental
investigation and theoretical study, with its increasing use of
computational analysis. (The programs emphasizing compu-
tational work benefit greatly from the computing resources
available at the Cornell National Supercomputer Facility.)

In addition, many of the aerospace engineering faculty
members have applied their knowledge of fluid mechanics and
aerodynamics to problems outside the traditional realm of the
discipline. For example, research that is part of the Cornell
Injection Molding Project contributes to the understanding
of the flow of plastics in molds. Also in progress is work on
automotive aerodynamics and on automotive emissions and
alternative fuels.

The Distinguished History of
Aerospace Engineering at Cornell
The current program in aerospace engineering at Cornell is
in the tradition of the long and distinguished history of the
field at Cornell.

That history begins with the founding of the Graduate
School of Aeronautical Engineering in 1946, with William R.
Sears as its first director. (A fascinating personal recollection
of the history of the school, written by Professor Edwin Resler,
Jr., appeared in the Summer 1991 issue of this magazine.) In
1985 the William R. Sears Lectureship was established to
honor Professor Sears' contributions to aerospace education
at Cornell; this lectureship brings an outstanding aerospace
scientist or engineer to campus each April for a week-long
series of lectures on topics of current interest in fluid mechan-
ics or aeronautics.

A two-year master's degree in aeronautical engineering was
normally the first degree awarded by the old Aero School;
graduates went on to important positions in industry or con-
tinued their studies toward a doctorate. The M.Aero.E. de-
gree subsequently served as a model for the Master of Engi-
neering degrees that have become an important element of
the graduate programs in virtually all the engineering disci-
plines at Cornell. Research in the Aero School focused on
problems in aerodynamics, aerothermochemistry, and mag-
netohydrodynamics.

The Aero School also served as the nucleus around which
a number of other centers and departments in the college and
university developed. The Center for Applied Mathematics
was founded in 1963, with Sears as its first director. Research
in magnetohydrodynamics and collaboration with researchers
in electrical engineering led to the establishment of the Labo-
ratory of Plasma Studies in 1967, with Peter L. Auer, a profes-
sor of aerospace engineering, as its first director. Faculty mem-
bers who were specialists in aerospace engineering participated
in the formation and development of the Department of En-
gineering Physics (now the School of Applied and Engineer-
ing Physics). More recently, faculty members in aerospace
engineering, together with colleagues in space sciences and
electrical engineering, succeeded in an effort to have Cornell
designated a Space Grant University with funding from the
National Aeronautics and Space Administration; the purpose
of this program is to encourage greater interest and participa-
tion in the aerospace sciences, especially among undergradu-
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ates and high school students. (The article by Charles
Williamson in this issue includes a description of research per-
formed under the auspices of this program by Cornell under-
graduate engineering students.)

In 1972 the Graduate School of Aerospace Engineering
and the Sibley School of Mechanical Engineering were merged
to form the Sibley School of Mechanical and Aerospace Engi-
neering. Teaching and research in aerospace engineering have
continued to be an important focus for many faculty mem-
bers and graduate students in the school. Although degrees in
aerospace engineering have been offered only at the graduate
level at Cornell, undergraduate mechanical engineering stu-
dents and others can take as electives a number of courses
with an aerospace emphasis; this aerospace concentration con-
tinues to be one of the most popular among the record num-
bers of undergraduates in the Sibley School.

Prospects for the Future
at Cornell and in the Industry
It is, of course, extremely risky to make any very specific pre-
dictions about the future of the aerospace industry at this time
in our nation's history. The end of the cold war, at a time when
the reduction of Federal deficits and the need for major social
reform are perceived as important priorities, suggests the need
for a permanent restructuring of the defense industry. His-
torically, cutbacks in activity in the defense sector have been
buffered by increased activity in the commercial aircraft in-
dustry, but the current cutbacks in defense come at a time
when commercial airlines, especially those in the United States,
are showing poor profitability. It will probably be several years
before a new quasi-equilibrium point is established in the aero-
space industry.

Most analysts agree, however, that the long-range future

The Space Shuttle
Columbia lifts off from
Cape Canaveral.

for aerospace ventures remains bright. The impact on our
everyday lives of past advances in aerospace technology has
been enormous. From the reliability we have come to assume
for transatlantic and transpacific airline travel to our routine,
yet essentially invisible, reliance on telecommunications sat-
ellites for long-distance communications and navigational
positioning, there is hardly a facet of our lives that does not
benefit from advances in aerospace engineering. In the past,
these advances have been spurred, at least in this country, by
investment in the national defense. In the future, this invest-
ment will shift increasingly to projects associated with the
exploration and utilization of space. The pace of projects as-
sociated with the exploration of space depends critically upon
the national, or international, will and the extent to which
these projects are seen as high priorities by the public. The
commercial aircraft industry also appears headed for expan-
sion and new enterprise. World airline passenger traffic is ex-
pected to double in the next decade, and the world commer-
cial airline fleet is aging fast. Since the United States has in
excess of a 70 per cent market share in both jet transport air-
craft and jet engines, these trends bode extremely well for the
commercial industry once the airlines figure out how to be-
come more profitable.

Predicting the future of aerospace technology may be easier
than trying to predict the future of the industry itself. Aero-
space technology has found its way into innumerable com-
mercial applications, ranging from the computer chips in high-
speed modems for computer communications to the hydraulic
controls on computer-controlled ride simulators in amuse-
ment parks.

I hope that a reading of the articles in this issue of the
Quarterly conveys some of the excitement and promise of aero-
space technology for the future.
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EXPERIMENTS IN A MICROGRAVITY
ENVIRONMENT

"The creation of a

space-like laboratory

environment on

earth became a

necessity."

Figure 1. Four ways to overcome
the effects of gravity. Free fall can

be achieved for an unlimited
time in an orbiting space shuttle

(a), for about 25 seconds in a
plane that climbs and then dives
(b), for about 100 seconds at the

peak of a rocket's trajectory (c),
and for as much as 10 seconds in

a falling body at the earth's
surface (d).

by C. Thomas Avedisian

n space all bodies appear to have reduced
weight, or even none at all. This unique
feature assumed great importance when

flight became possible in spacecraft. Aeronau-
tics expanded into aerospace engineering and
the compass of research was enlarged to in-
clude heat and mass transport processes asso-
ciated with space flight. The creation of a
space-like laboratory environment on earth
became a necessity.

Besides its relevance to space studies, such
an experimental facility can contribute to the
understanding of physical processes on earth.
In this article I will discuss the facility that has
been built in our school, how it is used to study
problems in the thermal and fluid sciences, and
why the results provide valuable insights and
information.

Gravity and Microgravity;
Weight and Near-Weightlessness
The influence of gravity on all matter, whether
solid, liquid, or gas, is to give it a property we
call weight. The static and dynamic behavior
of all phenomena, from the burning of a candle
to the vibration of a beam, are affected.

An environment free of the effects of grav-
ity conjures up images of astronauts in a space
shuttle, tumbling around where there is no
"up" or "down" and where pencils and papers,

when released, do not drop to the floor but
are left hanging in a state of levitation. But
there are other ways to achieve this condition
(see Figure 1). An airplane can climb steeply
(at about 50°) and then dive, producing a state
close to free fall near the apogee of its trajec-
tory; a rocket can be launched into a suborbital
trajectory; or a package that contains the ex-
periment, equipment and all, can simply be
allowed to fall in a "drop tower."

The principle of equivalence tells us how a
drop tower works: If a box containing an ex-
periment drops in a vacuum, the box and the
experiment fall with the same acceleration, so
that the experiment is stationary with respect
to the box, even though both are accelerating
in an inertial frame. Thus, they experience no
gravity. Objects that fall through an atmo-
sphere do not experience zero gravity because
of air drag, but they do weigh considerably
less than they do at rest on earth. The term
microgravity is commonly applied to this con-
dition of free fall through an atmosphere
within a gravitational field.

One might wonder why anyone would want
to create a microgravity environment and con-
duct experiments within it when it would be
so much easier to do a computer simulation—
to simply set the gravity vector to zero in a
computer code. The answer is that there is a
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shortage of the relevant data to test codes, and
we are not always sure if the important phys-
ics in a problem is being included in an analy-
sis. Testing in microgravity can show whether
or not we are on the right track.

Creating a Laboratory
That Falls Freely
Programs of experimentation in a microgravity
environment are currently underway around
the world, under sponsorship of agencies such
as the National Aeronautics and Space Admin-
istration, the European Space Agency, and the
Japan Space Utilization Promotion Center.
The longest (and most expensive) periods of
low gravity are achieved within the space
shuttle, and the shortest (and cheapest) within
drop towers.

At Cornell, we have created a microgravity
environment by building a drop tower. This is
essentially a shaft down which a box contain-
ing the "laboratory" is dropped. Such shafts
can be of immense proportions. A drop tower
in Bremen, Germany, rises to a height of 110
meters on the city's skyline. The NASA-Lewis
131-meter tower provides 5.2 seconds of
microgravity, and the 500-meter drop tower
installed by the Japan Microgravity Center in
a converted mine shaft in Hokkaido provides
up to 10 seconds of microgravity. The world's
smallest drop tower is probably a 2-inch facil-
ity constructed by Sanjeev Chandra (Cornell
Ph.D. '90, now at the University of Toronto).

Our facility (Figure 2) comprises a drop
tower that extends 7.6 meters (25 feet) through
two floors in Upson Hall, and a laboratory that
is allowed to fall freely through this distance.
The acceleration of gravity in this falling labo-
ratory is little more than one one-hundred-
thousandth that at the earth's surface. The time
available to do an experiment—determined by
the distance of the fall—is about 1.2 seconds.

Successful use of the drop tower involves
careful design of the experiment. Camera,
lighting, and the means to conduct the experi-
ment must all fit into the drop package. The
box and the instrumentation must be robust
enough to withstand the shock of the fall. The
experiment must be coordinated with the re-
lease of the box so as to take full advantage of
the free-fall time. A way of supplying power
to the on-board instrumentation during the
fall must be provided. And the experiment

must be carefully scaled so that it can be com-
pleted during the time allotted by the free fall.

Over the years, graduate and undergradu-
ate students have solved these problems in their
thesis and project research. A framed struc-
ture floating freely within an outer package,
designed and constructed by undergraduate
John Otto '90, serves as a shield that isolates
the instrumentation from air drag. A multi-
strand cord hanging from the bottom of the
package supplies power to the instrumenta-
tion—cameras, lighting, and electronics—on
board the falling package. The package lands
in a steel tank, 6 feet in diameter and 5 feet
high, which contains air-tunneled foam to
absorb the shock of deceleration.

Figure 2. The Cornell drop tower.
The drop package, which falls
through two floors in Upson Hall,
provides about 1.2 seconds of
free fall.

ceiling w i n c h

electromagnet

electronic
control unit

steel cable

drop package

second floor

power
supply
cable

deceleration
tank

basement floor

air-tunneled
foam
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Figure 3. Combustion of a
droplet suspended from a quartz

fiber. In the absence of gravity,
surface tension causes the

droplet to move up the fiber. The
photo and accompanying dia-

gram show one of the burning
patterns that has been observed.

Figure 4. Droplet formation. The
length of the arrows attached to

the droplet show how the
components of its velocity

change as it moves toward the
apex of its trajectory at

position 3.

droplet

spark
electrode

droplet
generator

nozzle

Studies of Droplet Combustion
in Near-Zero Gravity
The combustion of droplets of fuel is one of
the processes we are studying in the micro-
gravity environment of our drop tower. Small
spherical droplets are formed and ignited
within the experimental box—the falling labo-
ratory—and what happens is recorded. Our
experiments have revealed some interesting
aspects of the burning process not previously
seen. These include unusual patterns of soot
formation and an influence of initial droplet
size on the burning process that is not ac-
counted for by any current theory.

The experiment requires a droplet that
moves at the same velocity as the package, cam-
era, and surrounding atmosphere and that stays
in the camera field. This is more difficult than
it may seem. Any relative velocity can cause
the droplet to move out of the camera's field
of view. A simple solution would be to anchor
the droplet to the falling package with a fiber,
but then the anchor itself can influence the
burning process (Figure 3). We have attempted
to find a way to compensate for this influence
by experimenting with heptane droplets sus-
pended from quartz fibers of various small di-
ameters. This revealed some unusual effects
of the fiber support on the burning process.
But our ultimate solution for creating a free-
floating droplet is based on the familiar fact
that an object thrown vertically will for a mo-
ment be completely motionless at the apex of
its trajectory. In our design (Figure 4) the drop-
let is shot upward within a closed chamber and
as it starts its downward flight, everything else,
including the surrounding air, is dropped. If

6 Cornell Engineering Quarterly



this operation is successful, the droplet does
not move (or moves very little) relative to the
falling camera. Critical timing is required; it
took three years before we achieved our first
success. The problem was first solved by John
Yang, a 1990 Ph.D. who is now at the Na-
tional Institute of Standards and Technology.

Another problem that had to be solved was
to set the droplet on fire and keep it burning
long enough to record its complete combus-
tion history in microgravity. Gregoryjackson,
a 1993 Ph.D. who is now at Precision Com-
bustion, Inc., designed an elaborate scheme
that activates two sparks to ignite the droplet
at its apex, and then instantly retracts the elec-
trodes. We have found that for most fuel drop-
lets with initial diameters smaller than 0.8
millimeter, 1.2 seconds of free fall provides
sufficient time to record the droplet burning
features.

The Usefulness of
Falling-Droplet Studies
There are really no practical applications
in which spherically symmetric droplet burn-
ing is realized. Rather, the goal of the experi-
ments is to simplify the otherwise complicated
droplet-burning problem; in microgravity,
fewer coordinates are needed to accurately de-
termine the gas velocities, temperatures, and
product-species distributions surrounding the
burning droplet. The spherically symmetric
configuration shown in Figure 5 is the arche-
typal configuration that is the goal of our ex-
periments. When achieved, the velocity and
temperature distribution surrounding the
droplet will depend on just one coordinate,

soot shell
(highly
porous)

luminous
zone

boundary

droplet

ambience
(air)

camera
marker

and the only gas motion that is created is caused
by evaporation of liquid at the droplet surface
itself.

Simplifications such as these make it pos-
sible to study aspects of the burning process
that might otherwise be prohibitively difficult
to analyze, such as the chemical kinetics of
droplet combustion and predictions of soot
formation that produce atmospheric pollution.
The spherically symmetric burning configu-
ration, in which flames completely surround
the droplet, thus provides a useful diagnostic
to reveal mechanisms of the process, perhaps
to reveal new aspects, and to provide the data
necessary to verify basic models of droplet
burning.

One of the studies we have made concerns
the formation of soot during the combustion
of a fuel droplet. The microgravity environ-
ment in our apparatus enables us to detect
subtle features of the burning process. For
example, buoyant flows that occur under nor-
mal gravity obscure features, such as the for-
mation of soot, that can become prominent in
the absence of buoyancy. Such observations
of soot formation have the potential for chang-
ing the way droplet combustion is understood
and modeled. Furthermore, data on the fuel-
burning rate and the propensity for extinction
(when the droplet ceases to burn) are impor-
tant for such practical applications as waste in-
cineration and power generation, in which the
liquid waste must burn to completion.

One of the first fuels we studied was hep-
tane, a hydrocarbon that produces soot dur-
ing combustion. We found that when a hep-
tane droplet is burned in our apparatus, soot

Figure 5. Combustion of an
unanchored droplet in free fall.
In this ideal circumstance, all
features of the process are
symmetrical in three dimensions.
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Figure 6a (top row).
Development of a soot shell

during combustion of a mixture
of methanol and toluene.

Figure 6b (bottom row).
Combustion of a mixture of

methanol and docecanol. A wide
difference in the boiling points
causes a bubble to form in the
droplet, which then swells and

pops like a baloon.

Figure 7.The hydraulic jump in
microgravity. Water hitting the

center of the plate spreads
rapidly (light area) to the point

of the jump. As the effect of
gravity diminishes (top to

bottom), the location of the
jump moves out from the point

of impingement.

collects in the form of a dark, nearly spherical
shell around the droplet. This shell structure
was studied by Gregoiyjackson, who reasoned
that a spherical shell forms because of a bal-
ance of forces on the particles. The develop-
ment of this soot shell is illustrated in Figure
6a for a mixture of methanol and toluene (a
system that was studied as a possible means of

controlling soot). Other fuel blends with dif-
fering properties have also been studied in
microgravity. For example, John Yang found
that blends such as methanol and dodecanol,
which have very different boiling points, can
lead to an explosion of the droplet during com-
bustion, rather like a balloon popping (Figure
6b). This phenomenon, too, could figure in
pollution control if it could be induced during
the combustion process, because the smaller
droplets produced by the explosion mix bet-
ter with the surrounding air and burn more
quickly, thus leading to more complete com-
bustion.

Other Studies in Microgravity:
Liquid Jets Impinging on Surfaces
Many phenomena other than the combustion
of droplets can be studied in microgravity. For
example, we have used our drop tower to study
problems of a more purely fluid-mechanical
nature. The behavior of a jet of water imping-
ing on a surface in microgravity has been of
special interest. The particular aspect of this
problem we studied is the so-called hydraulic
jump, which is a familiar occurrence at the
kitchen sink: a circular bump may form a few
inches outward from a water stream coming
from the faucet and striking the sink. The prac-
tical importance of this phenomenon lies in
the greatly lowered fluid velocity just down-
stream of the jump; reductions in heat trans-
port may be expected in this region.

The radius of the jump is determined pri-
marily by the fluid velocity and gravity. The
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expectation is that lowering the gravity will
increase the radius of the jump, and that in
zero gravity the jump will have an infinite radius
and completely disappear. This hypothesis was
tested by undergraduate Jean-Paul Davis '92
as a part of an independent study project. Us-
ing the drop tower, he recorded the evolution
of a hydraulic jump. The results (Figure 7)
provide strong evidence that the hydraulic
jump does move outward in the transition from
normal gravity to microgravity, for the diam-
eter of the hydraulic jump increases as gravity
is reduced, just as predicted.

The Significance of Experimental Work
Carried Out in Microgravity
Among the current research priorities of aero-
space engineering is the study of physical pro-
cesses in space-like environments, as demon-
strated by the experiments I have discussed.
Combustion is only one of the processes that
can be better understood by eliminating grav-
ity as an effect. Other phenomena such as
buoyancy-driven convection, sedimentation,
and crystal growth also involve gravity, and
studying them in a microgravity environment
may yield unexpected insights.

Microgravity experiments that require a
relatively long time must be conducted aboard
a space shuttle, or the planned space station,
when it is completed. But effects that take place

within a few seconds can be observed more
inexpensively in drop towers such as the one
we have constructed at Cornell. Benefits from
the knowledge gained in such experiments may
be applied on earth as well as in space.

C. Thomas Avedisian is a professor in the Sibley
School of Mechanical and Aerospace Engineer-
ing. He has been on the faculty since receiving
the doctorate from Princeton University in
1980. A talented experimentalist whose research
involves the study of heat transfer and combus-
tion at small dimensions, he won a Presidential
Young Investigator Award from the National
Science Foundation in 1985. He and his
students have also won several awards for their
work: a Galleiy of Fluid Motion Prize fr'om the
Fluid Dynamics Division of the American
Physical Society in 1989 for photographs
showing the impact of droplets on a swface; a
best-paper award from the American Institute of
Aeronautics and Astronautics (AIAA) for a
paper on droplet combustion in microgravity;
and a "picture gallery" award from the Institute
of Liquid Atomization and Spray Systems in
1993 for photographs of droplet combustion.
Avedisian is a fellow of the American Society of
Mechanical Engineers and a member of Sigma
Xi> Tau Beta Pi, AIAA, and the Combustion
Institute.

"Combustion is only

one of the processes

that can be better

understood by

eliminating gravity

as an effect."
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MODELING SECONDARY PROPULSION
SYSTEMS FOR SPACECRAFT

"Improving the

efficiency of
secondary propulsion

systems is a major

objective."

by Iain D. Boyd

A satellite orbiting around the
earth would eventually fall out of
its orbit and burn up in the atmo-

sphere if it were not for the corrective fir-
ing of small rockets carried on board.

In fact, all spacecraft rely on small rock-
ets, which together constitute the second-
ary propulsion system, to produce changes
in orbit or orientation. On satellites, ten or
more of these rockets are available to coun-
teract the drag that the atmosphere exerts
even at an altitude of several hundred kilo-
meters above the earth's surface. On recon-
naissance satellites, they are also used to
effect orbital transfer. On space platforms
such as the Russians' Mir and NASA's Space
Station Freedom, they are needed for dock-
ing maneuvers.

The importance of the secondary pro-
pulsion system to overall spacecraft design
becomes clear from an analysis of the mass
budget. For most satellites, the fuel required
for secondary propulsion takes up at least
30 percent and as much as 70 percent of the
total satellite mass. It is a highly significant
cost factor in the multi-billion-dollar indus-
try of launching and operating satellites.
Improving the efficiency of secondary pro-
pulsion systems is a major objective.

Our research group at Cornell is devel-
oping modeling techniques to facilitate the
design of secondary propulsion devices. Up
to now, research and development has re-
lied mostly on experiment. Simple designs
have been tested in the laboratory and
implemented on spacecraft—a slow and ex-
pensive procedure. The alternative—nu-
merical simulation—has been hampered by
the lack of accurate numerical tools for mod-
eling the rocket flows. In an ongoing re-
search program sponsored mainly by the
NASA Lewis Research Center in Cleveland,
Ohio, we are developing and applying an
accurate numerical method for modeling the

flow in spacecraft secondary propulsion sys-
tems. In this article I will briefly discuss this
program and its significance.

Types of Rockets
for Secondary Propulsion Systems
The rockets used for secondary propulsion
are usually required to produce low-level
thrust—at most, a few newtons. This may
be compared to the 1.7 million newtons of
thrust produced by the Space Shuttle's main
engine during liftoff. The requirement of
low thrust means that the physical size of
the rockets must be very small. Also, they
must operate under conditions greatly dif-
ferent from those experienced by the pri-
mary rockets: the pressures and densities en-
countered in the flow through the small
rockets are much smaller. As we shall see,
these features present special difficulties in
modeling the flow.

Many different designs for rockets that
meet the requirements are currently avail-
able. Most of the satellites now flying are
equipped with resisto-jets or chemical rockets,
both of which are dependable but have low
efficiency. In resisto-jets the gaseous pro-
pellant is heated with a resistance coil and
then expanded rapidly to transfer the ther-
mal energy into directed velocity, thus pro-
ducing thrust. In chemical rockets, thermal
energy is produced by chemical reactions
that occur when fuel and oxidizer are mixed
and burned.

Two other secondary-propulsion tech-
nologies are now receiving a great deal of
attention. One is the arcjet, in which ther-
mal energy is transferred to a gas as it flows
through an arc discharge. The other is the
ion thruster, in which the propellant is ion-
ized and then accelerated to high speed in
an electric field. This system has been de-
veloped and implemented successfully on a
number of Russian spacecraft.
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The Fluid Dynamics
of Secondary Propulsion
The most effective way to achieve low thrust
levels in most types of rockets (an exception is
the ion thruster) is to use a small nozzle and a
low gas-flow rate. For example, a typical
resisto-jet producing a thrust level of 0.1 new-
ton has a nozzle diameter at its exit of a few
centimeters.

A useful parameter for characterizing the
fluid dynamics of low-thrust rockets is the
Kniidsen number: the ratio of the mean distance
between molecular collisions to a characteris-
tic length. (For a Mach number of 1—when
the flight speed equals the local speed of
sound—the Knudsen number is approximately
the reciprocal of the frequently used Reynolds
number^) In general aerospace problems, such
as flow of air over an aircraft, the Knudsen
number is very much smaller than 1, perhaps
10"6, so that the flow can be modeled using a
macroscopic approach in which the fluid is
treated as a continuum. This approach typi-
cally involves solution of the equations of fluid
motion (such as the Euler or Navier-Stokes
equations) using finite-difference techniques.

In the case of a satellite thruster, however,
the low flow rate and small dimensions give a
Reynolds number close to 1000 and thus a
Knudsen number of about 1(H, high enough

that the discrete, microscopic nature of the
molecules in the gas cannot be neglected. The
number of collisions that occur in a fluid ele-
ment are so small that the Navier-Stokes equa-
tions may not be valid from a physical stand-
point. What is needed is a modeling
technique that accounts for the finite num-
ber of collisions that occur at the flow con-
ditions of the rocket. In addition, there may
be farther collision events—including chemi-
cal reactions, ionization, and relaxation of the
internal energy modes of polyatomic gases—
that must be taken into account; and because
of the low collision rate, such processes may
be in a state of nonequilibrium. All these
conditions place a heavy demand on any
numerical method.

The technique used in high-Knudsen-
number gas dynamics is called the direct simu-
lation Monte Carlo (DSMC) method. It is based
on a particle or Monte Carlo approach similar
to other methods that are being applied in
many scientific disciplines. In the DSMC
method, the large number of molecules in the
real gas flow are simulated in a computer by a
much smaller number of model particles.
These model particles have velocities and spa-
tial coordinates. They travel through the flow
domain and collide with other particles and
with solid surfaces.

Total thrust provided by these
secondary propulsion rockets
ranges from 0.05 to 50 pounds.
Chemical rockets and resistojets
are used on current satellites.
Arcjets, ion thrusters, and
magnetoplasmadynamic rockets
(MPDs) are under development
by NASA, industry, and
universities for future appli-
cation. Research at Cornell has
focused on resistojets and arcjets.

ROCKETDYNE H/O
25 LB THRUST ENGINE

BELL 50 LB THRUST H/O
ENGINE FIRING

ROCKETDYNE/TECHNION
SPACE STATION

RESISTOJET 0.1 LB THRUST

HUGHES, 30 CM DIAM
ION THRUSTERS

AEROJET 5 LB THRUST
N2O4/MMH

ROCKET RESEARCH CO.
5 LB HYDRAZINE

THRUSTER

ARCJET FIRING ON TEST
STAND 0.05 LB THRUST

130 kW MPD
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The resisto-jet thruster
developed at NASA Lewis is

shown with the vacuum chamber
in which it is tested. This rocket,

which uses molecular nitrogen as
propellant, is one of the two

main types now used for
secondary propulsion on

satellites. Numerical simulation
techniques such as the those

under development at Cornell
would provide a faster and more

effective way of designing the
small rockets.

Key aspects of the method involve model-
ing these collision events. When two particles
collide, they change their velocities, and may
also change their internal energies (rotation,
vibration) or undergo chemical reaction.
When a particle collides with a surface, at least
one of the velocity components will change,
and surface chemical reactions may occur. All
of these events can be simulated at some level
using the DSMC method.

The DSMC method was developed in the
1960s, but its use had been restricted mainly
to flows with a Knudsen number of about 0.1
or higher because of limitations of computer
hardware. Now, however, modern computer
architectures—vector supercomputers and
scalable distributed memory multiproces-
sors—permit use of the DSMC technique for
modeling flows at lower Knudsen numbers. It
is being applied to problems in a growing num-
ber of scientific areas, including hypersonics,
materials processing, nuclear physics, and
micromachinery, as well as spacecraft second-
ary propulsion.

Applying the DSMC Method
to Spacecraft Propulsion
The NASA Lewis Research Center, with
which we are working, has been responsible
for much of the development and testing in
the United States of resisto-jets, chemical rock-
ets, arcjets, and ion thrusters. The center has

some of the most advanced experimental test-
ing facilities for investigation of spacecraft
propulsion. I will describe our use of the
DSMC method to model a resisto-jet and an
arcjet, both of which were designed at NASA
Lewis.

Nitrogen Resisto-jet. Because of its sim-
plicity, this was the first device looked at in the
research program (which began as a joint
project of NASAs Lewis and Ames Research
Centers). The question put forward was:
Could the DSMC technique accurately simu-
late the high-Knudsen-number fluid dynam-
ics occurring in a typical resisto-jet?

A rocket using molecular nitrogen as pro-
pellant was designed and constructed at NASA
Lewis. The thruster was installed in one of
the vacuum test chambers at Lewis (see the
photograph), and measurements were taken
of pressure and flow angle in the jet expan-
sion. The Reynolds number of the flow at the
throat of the nozzle was 850.

Modeling of the flow was performed with
a continuum approach entailing solution of the
Navier-Stokes equations of viscous flow, and
also with the DSMC technique. A compari-
son of the measured and calculated pressures
at the nozzle exit plane of the resisto-jet is
shown in Figure 1. At this low Reynolds num-
ber, viscous effects between the gas and the
wall of the thruster are significant, as demon-
strated in the figure by the large boundary layer
that extends from the nozzle wall to a distance
of about 1 centimeter from the nozzle axis.
The comparison clearly demonstrates the ac-
curacy and superiority of the DSMC model-
ing. Comparisons of DSMC results with ex-
perimental measurements taken further into
the jet expansion also showed very good agree-
ment.

The calculations are significant in several
ways. They demonstrate that the continuum
approach does fail under these flow conditions.
They also illustrate the capabilities of the
DSMC approach. The DSMC results shown
in Figure 1 required four hours on a Cray XI
MP, demonstrating that DSMC calculations
can be performed on current machines. In fact,
the computer code that was developed is now
being used at NASA.

The aim of that work is to optimize the
geometry and flow conditions in resisto-jets
to achieve better propulsive performance. Pre-
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viously, these devices were designed using con-
tinuum methods and results. Because of the
very high cost of spacecraft operation, the aero-
space industry is interested in performance im-
provement of even a few percent, and it is ex-
pected that such a gain can be achieved through
parametric studies employing the DSMC
technique.

Hydrogen Arcjet. A second study involves
the use of a 1-kW molecular hydrogen arcjet
developed at NASA Lewis. The studies to date
have considered flow without arc-ignition.
DSMC results for this flow (which has a
Reynolds number of 2800) show good agree-
ment with experimental data obtained at
Stanford University with use of laser diagnos-
tic techniques.

A contour plot of number density predicted
by the DSMC technique for the expansion of
the low-density supersonic jet of hydrogen into
the vacuum chamber is shown in Figure 2. A
great deal of complicated fluid dynamics is
occurring in this flow. A series of expansion
and shock waves is generated in a thin band
close to the plume centerline. Such structures
are often seen at much higher Reynolds num-
bers; in this case the flow is affected by strong
viscous and thermal nonequilibrium relaxation
effects.
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Figure 3 shows the comparison between
our DSMC results and the experimental
measurements of number density along the
plume centerline that were obtained at
Stanford. Note how the density falls and
rises as the flow expands and compresses.
The agreement between calculation and
measurement is remarkable. Considering

Figure 1. A comparison of tech-
niques for modeling the flow in
the nitrogen resisto-jet under
study at Cornell and NASA Lewis.
Experimental measurements of
pressure are shown at the nozzle
exit for various radial distances
from the center of the nozzle to
the wall (at 1.6 centimeters). The
solid curve was obtained by the
DSMC numerical technique
developed at Cornell. The dashed
curve was obtained by solving
the Navier-Stokes equations of
viscous flow.

The flow has a Reynolds num-
ber of 850, indicating a low gas
density. Under such conditions,
typical for secondary-propulsion
rockets, the continuum assump-
tions of the Navier-Stokes
equations are inadequate.

Figure 2. A contour plot of
number density during
expansion of a hydrogen arcjet
into a vacuum chamber of finite
pressure, as predicted by DSMC
modeling. The stagnation
temperature is 300 K, the
Reynolds number is 2800, the
vacuum tank pressure is 500
mTorr. The color scale shows
number density in 1022 molecules
of hydrogen per cubic meter.
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Figure 3. Comparison of values
for centerline number density in

the hydrogen arcjet, obtained
experimentally and by the DSMC

numerical modeling technique.
The Reynolds number of the flow

was 2800. The rise and fall of
density indicates compression

and expansion of the gas.
The good agreement between

the experimental measurements
and the values calculated

numerically demonstrates the
accuracy of the DSMC method.

The data also show that there are
interference effects from residual

gas in the vacuum chamber,
calling into question the

reliability of experimental
assessments of rocket

performance.
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the degree of complexity in the flow field,
this calculation represents a very powerful
illustration of the usefulness of the DSMC
technique for modeling these flows.

An important aspect of this study con-
cerns the presence of background gas in
vacuum chambers and the effect this has on
experimental testing results. While space-
craft thrusters operate in the near-vacuum
of space, testing in the laboratory is per-
formed at a finite pressure because of limit-
ing pumping capabilities; in the "vacuum"
chamber a certain amount of the propellant
lingers on and can produce interference ef-
fects. For the hydrogen arcjet, this interfer-
ence was included in the DSMC calculation;
the background pressure in the vacuum
chamber was measured experimentally and
this value used as a boundary condition for
the computation.

A further implication of this study is that
laboratory measurements are not necessar-
ily dependable for predicting the perfor-
mance of a secondary propulsion system.
The DSMC results shown in Figure 3 indi-
cate that there is only a very small portion
of the jet expansion that is not affected by
the background gas in the vacuum cham-
ber. Any attempt to characterize the perfor-
mance of the thruster in this experimental
facility would therefore be corrupted by this

interference. Since the development of sec-
ondary propulsion systems for spacecraft has
been mainly experimental in nature, it is
clearly extremely important to assess the in-
terference effects of background gas on any
measurements of the performance of a par-
ticular rocket. Indeed, the comparisons in
Figure 3 illustrate the need for careful as-
sessment and analysis of all such experimen-
tal investigations.

In future research we will simulate rocket
flows in other experimental facilities. We
also plan to develop the physical models
necessary to simulate arc-ignited flows,
which are considerably more challenging
than the flows we have studied so far be-
cause of the occurrence of chemical reac-
tions, ionization, and electric field effects.
The overall aim of the program is to im-
prove the performance of arcjet thrusters,
which currently have an efficiency of about
35 percent.

The current design status of small rock-
ets leaves much room for improvement, a
situation our research is addressing with
promising results. Performance gains in sec-
ondary propulsion, brought about by de-
pendable simulation in the design process,
will lead to lighter, less expensive satellites
with longer lifetimes.
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Iain D. Boyd is an assistant professor in the
Sibley School of Mechanical and Aerospace
Engineering. He is an expert in the application
of particle simulation techniques to problems
involving nonequilibrhim gas dynamics, with
applications that include aerodynamics and
rocket propulsion of spacecraft, materials
processing, and nuclear physics. He is also
interested in efficient numerical implementation
of these methods on modern supercomputers,
including a new parallel algorithm for the IBM
SP-I at the Cornell National Supercomputer

Facility. Born in Paisley, Gi'eat Britain, he was
educated at the University of Southampton,
where he received the B.Sc. degree in math-
ematics in 1985 and the Ph.D. in aeronautics
and astronautics in 1989. He worked as a
research scientist at NASA *s Ames Research
Center before coming to Cornell. He is an
associate editor of the Journal of Spacecraft
and Rockets and a member of the American
Physical Society and the American Institute of
Aeronautics and Astronautics.

"Performance gains

in secondary

propulsion... will

lead to lighter, less

expensive satellites

with longer

lifetimes."
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ON BOARD FOR STUDIES
OF WAKE VORTEX DYNAMICS

Undergraduates in a Research Environment

"me of the best aspects

of the Cornell research

environment is the

excellence of the

students"

Figure 1. A classical regular
pattern of wake vortices, known

as a von Karman street. This
photograph, taken in one of the

Cornell fluids laboratories,
shows a cross-sectional view of a

sequence of alternating-sign
vortices forming and shedding

from a cylinder (at the left), and
then moving downstream

(to the right).

by Charles H. K. Williamson

n a university research program, under-
graduates can be a surprisingly powerful
resource.

I began to discover this soon after I joined
the mechanical and aerospace engineering fac-
ulty four years ago, and set out to establish
three experimental fluids laboratories. I soon
found that one of the best aspects of the
Cornell research environment is the excellence
of the students, both graduate and undergradu-
ate. A critical part of building up the laborato-
ries has been played by undergraduates, and
they have made valuable contributions to the
research program—in more than one case, a
whole new focus of research has been triggered
by results from a student project. In this ar-
ticle I will discuss the program from the point
of view of the undergraduate participation.

The Two-Way Benefits
of Undergraduates in Research
The main purpose of Cornell's undergradu-
ate research program is to give students the
opportunity to become involved in ongoing
research, working alongside professors and
graduate students. A number of fellowships are
available to facilitate this aim. For example,

undergraduates working in our school's fluids
laboratories have received fellowships from the
NASA Cornell Space Grant, which is admin-
istered by Professor Peter Gierasch of Space
Sciences, or Engineering Alumni Fellowships,
which were established by James Moore, a
1962 Cornell engineering alumnus, and are
administered by Professor Gerald Rehkugler
for the College of Engineering. Each of these
sources provides fellowships for about twenty
undergraduates a year.

This research experience is extremely re-
warding for the students. Of the twenty-three
who have worked in my fluids laboratories over
the past three years, most have gone on to
graduate schools, including CaFIec, M.I.T.,
Stanford, and California at Berkeley. Two of
these students were awarded prestigious Na-
tional Science Foundation Graduate Fellow-
ships for their Ph.D. studies.

What may not be so well recognized is how
much undergraduates can contribute to the
research programs. In my case, their involve-
ment was essential for getting my research
program "off the ground" rapidly, and con-
tinues to help it progress. A few examples will
illustrate how this comes about.
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The Cornell computer-controlled
X-Y towing tank. This novel
facility, designed and constructed
in 1990-91, comprises a 26-foot-
long glass tank containing water
through which we can propel
bodies under "student-friendly"
computer control in two degrees
of freedom. It operates much like
a giant X-Y computer plotter, but
also allows joy-stick control.

Studies of Vortex Wakes
Behind Nonstreamlined Bodies
One of the central research efforts of my group
is concerned with the development of vortex
wakes behind bluff (or nonstreamlined) bod-
ies. Figure 1 shows a typical cross-sectional
view of vortices that form behind a cylinder
and are "shed" into the flow in the classic regu-
lar pattern known as a von Karman street.

Vortex wakes have technological signifi-
cance. For example, their presence down-
stream of a body affects the pressure distribu-
tion on the body itself, sometimes causing
vibrations that lead to fatigue and failure, or at
least to a reduction in effectiveness of the struc-
ture. Typical areas in which wake studies are
applicable include problems of wind force on
structures such as buildings, chimney stacks,
and bridges; wave and current loading on off-
shore structures; vibrations of riser tubes that
pipe oil from the seabed to the surface; fluid
loading of submarines and projectiles; and
forces and moments on lifting surfaces at high
angle of attack. The study of wakes and flow-
induced vibration is of interest to the Office
of Naval Research, the U.S. Air Force, and
the National Science Foundation, as well as
to industries involved in civil engineering,

hydraulics, ocean engineering, and aerospace
engineering. In addition to technological sig-
nificance, the formation of wakes has funda-
mental scientific interest; in fact, it constitutes
one class of shear flow (the others being mix-
ing layers, jets, and boundary layers).

Our current research on wake vortex dy-
namics involves the use of wind-tunnel and
water facilities. One of my first projects upon
arriving at Cornell was to design a novel 26-
foot-long computer-controlled X-Y towing
tank that has since been built and is now housed
on the ground floor of Upson Hall (see photo).
The facility is capable of propelling bodies in
two degrees of freedom through the water in
the glass-sided tank, operating much like a
giant X-Y plotter. Two undergraduates, Kurt
Keller and Brad Short, aided by graduate stu-
dent Greg Miller, were responsible for install-
ing a "student-friendly" computer software
system to control the two-way carriage sys-
tem over the tank. We are able to "play" with
the carriage motions through the use of an
ingenious joy-stock control designed by stu-
dent Elwood Miller.

The emphasis in the vortex-dynamics re-
search, which stemmed from some initial work
that I conducted at CalTec in the late 1980s, is
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Figure 2. Transient oblique vortex-shedding patterns. The white lines mark the
axes of the vortices in plan view; the vertical line at the left marks the cylinder.

The top photo shows a phase shock. A positive oblique vortex angle impulsively
imposed by the boundary conditions at the top of the photograph moves

downward into a region of smaller negative angle (in the bottom half). A rather
different situation is shown in the bottom photo: a phase expansion is produced
when a region of smaller positive vortex angle at the top is imposed on a region

of larger positive angle.

The photographs were taken by research student Greg Miller, using smoke wire
visualization in an ultra-low-turbulence wind tunnel.

a

on understanding three-dimensional effects in
wakes that are nominally two-dimensional. It
is surprising that, until recently, remarkably
little attention has been given to such effects,
despite the fact that they are intrinsic to the
transition from laminar to turbulent flow. The
research has shed light on some longstanding
questions pertaining to these flows. Our par-
ticular approach is perhaps unusual in that it
entails a strong element of discovery using
simple experimental tools, in contrast to the
tendency of researchers in most modern labo-
ratories to become engrossed in the methods.

Until very recently, it was generally as-
sumed that vortex-forming flows around
nominally two-dimensional (cylindrical) bod-
ies are predominantly two-dimensional. Ac-
tually, this is not normally the case, even in
the "laminar regime" of vortex formation at
low Reynolds numbers. Following the origi-
nal work of Strouhal in 1878, von Karman in
1911-12, and Lord Rayleigh in 1915, and the
more recent investigations of Roshko and
Tritton and others in the 1950s, experimental
work revealed surprisingly large discrepancies
(around 20 percent) in relatively straightfor-
ward measurements of the normalized vortex-
shedding frequency (the Strouhal number)
versus the Reynolds number.

The origin of these discrepancies has
been the subject of much debate in the litera-
ture for decades. In two of my own papers, in
1988 and 1989, I showed from measure-
ments and simple visualizations that the vor-
tices (when observed in plan view rather
than in the orthodox cross-sectional view,
as in Figure 1) can form at an oblique angle
to the axis of the body itself, in what I have
termed oblique shedding. This is shown in
Figure 2. This oblique shedding of vortices
is caused by the boundary conditions at the
ends of a cylindrical body, even if the body
is hundreds of diameters in length. Since
the shedding angle influences the frequency,
I was able to explain most of the scatter that
had shown up in the literature. By manipulat-
ing the end conditions, I was further able to
cause the occurrence of parallel shedding (in
which the vortices are parallel to the cylinder
axis), and so, for the first time, it became
possible to make a valid comparison with
the growing number of two-dimensional
numerical simulations of this basic flow.
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This work has led to a number of other
studies, many of which are computational
and analytical as well as experimental. We
have developed a program involving close
collaboration between our group at Cornell
and groups in Europe—in Toulouse under
Braza and Ha Minh, in Marseilles under
Boyer and Provansal, in Lausanne under
Peter Monkewitz, and in Nice under Pumir.
In two of these collaborations—with Mon-
kewitz and with the group in Marseilles—
the approach is to model three-dimensional
(phase dynamics) patterns using equations
of the Guinzburg-Landau type. The empha-
sis is on the newly discovered transient phe-
nomena, such as the "phase shocks" and
"phase expansions" shown in Figure 2.

The Transition from Laminar
to Turbulent Flow in Wakes
Another piece of research was actually trig-
gered at Cornell by the work of undergradu-
ate Kristen Gledhill, who worked with us in
1990-91 under the sponsorship of the NASA
Space Grant and Engineering Alumni Fellow-
ship programs.

While setting up a new smoke wire flow
visualization technique in one of our wind tun-
nels, we observed (by chance, as it happens) a
honeycomb-like three-dimensional pattern in
the wake far downstream of a cylinder. This is
shown in Figure 3a. Such was our excitement
and curiosity on observing this phenomenon
that it completely changed the focus of re-
search for Ph.D. student Anil Prasad. In a two-
year investigation we found that the phenom-
enon involves an interaction between oblique
shedding waves from upstream and a set of
two-dimensional waves that grow far down-
stream as a result of hydrodynamic instability.
We further discovered a mechanism by which
a nonlinear (quadratic) interaction of these two
wave systems triggers the evolution of a third
set of large-angle oblique waves (shown in
Figure 3 b). The discovery of this "oblique wave
resonance," as we called it, was very exciting,
since it was the first time it had been observed
in a shear flow. The phenomenon has some
relation to the now-classical work of Craik in
the early 1970s on wave interaction in bound-
ary-layer instability, but the oblique wave reso-
nance we observed is markedly different from
the several theoretical models that have been

Figure 3. The discovery of a mechanism for "oblique wave resonance/' The top
photograph shows interaction between small-angle oblique waves at the left
with two-dimensional (vertical) waves in the center, yielding large-angle oblique-
resonance waves at the right. If the smoke wire is placed further downstream, as
in the bottom photograph, then all that visually remains are the large-angle
oblique-resonance waves. This is the first time that oblique-resonance waves of
this form, coming from quadratic nonlinear interactions of two other waves,
have been observed clearly in any shear flow, and their experimental discovery is
markedly different from the theoretical models that have previously been
proposed to represent the wake.
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Figure 4. Vortex dislocations,
discovered by the Cornell

researchers to be a fundamental
structure in the transition of

wakes from laminar to turbulent
flow. A local phase mismatch

between the central yellow
region and the green regions to

either side causes a vortex
dislocation. The green lines are
vortices, which are transported

by the flow downstream (upward
in the picture). Such dislocations
cause velocity fluctuations up to
two orders of magnitude larger

than the fluctuations in a flow
without dislocations. Their

existence now explains the low-
frequency irregularities of wake

velocity found originally in 1954.
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proposed over the last decade to represent
the far wake. Our research has led to two
recent papers in the Journal of Fluid Mechan-
ics and a number of international presenta-
tions. We are now working with Alain Pumir
of the Institut Non Lineare, in Nice, to char-
acterize our results theoretically.

A further investigation, which involved
both Kristen Gledhill and another under-
graduate, Cameron Dales, concerns other
flow phenomena that occur during the tran-
sition from laminar to turbulent flow in
wakes. Although some of our earlier work
had demonstrated certain modes of small-
scale three-dimensional instabilities acting
on the primary "Karman" vortices, it was a
surprise to discover that, in transition, the
wake exhibits structures of relatively enor-
mous scale. It has usually been assumed that
when a two-dimensional shear flow under-
goes transition, the primary instability waves
or vortices extend continuously across the
complete span of the flow. We discovered,
on the contrary, that in a transitional wake
the vortices form in cells, on the boundaries
of which the vortices are mismatched so as
to form phase dislocations (in broad anal-
ogy with some phenomena in materials sci-
ence). A schematic of a localized phase dis-
location in shown in Figure 4.

It is unclear why the existence of vortex
dislocations has been unreported in the lit-
erature despite the fact that they can form
large-scale turbulent structures up to fifteen
times the size of the primary vortex wave-
length. Dislocations are a central physical
phenomenon in transitional wakes, signifi-
cantly affecting a transfer of turbulent ki-
netic energy from small to large scales.
Their presence explains the irregularities in
wake velocity measurements that have re-
mained unexplained since the classical work
of Anatol Roshko in 1954. Furthermore, the
fact that similar "defects" are now being
observed in mixing-layer flows by Fred
Browand's group at the University of South-
ern California and Patrick Huerre's group
at Ecole Polytechnique in Paris suggests that
dislocations could well be an essential fea-
ture of turbulent transition in all shear flows.
The observation and identification of vor-
tex dislocations may turn out to be a sig-
nificant discovery.

Reducing Vehicle Drag: An Innovation
Pioneered by Undergraduates
Among all the many undergraduates who
have participated in our research program,
there are two whose story I would like to tell
because their project appears to have some
significance in engineering design. The
story also illustrates the great enthusiasm
undergraduates have for becoming involved
in research.

In the fall of 1992 I introduced into our
senior laboratory course (MAE 42 7) an experi-
ment that involved a simple and passive means
of reducing the drag on a bluff body (a cylin-
der) by interfering with its wake. The idea,
adapted from Roshko's work in the 1950s, was
to place a splitter plate parallel to the oncom-
ing flow and downstream of the body, to dis-
rupt the formation of wake vortices. In our
experiment the procedure resulted in a mod-
est drag reduction of about 20 percent. Fol-
lowing the class session, two undergraduates,
Ashok Tripathi and Jonathan Miller, ap-
proached me with a view to extending the idea
by placing plates at various orientations both
upstream and downstream of the body. We
have since found a number of interesting drag-
reduction phenomena, including one that re-
sults from the shielding effect of placing plates
upstream; the effect is similar to the reduced
drag of one racing car when close behind an-
other. We found that we could reduce the drag
on the cylinder by 100 percent—to no drag at
all—by situating a plate some distance up-
stream. What is especially surprising is that
the width of the front plate need be only
around one-third of the cylinder diameter to
effect this result! Of practical importance is
the fact that the drag of the whole system,
comprising plate plus cylinder, is reduced to
40 percent of the drag of the cylinder without
the plate.

The nature of this work led us to develop
a new experiment for the senior laboratory
course for the fall 1993 term. The 150 stu-
dents were required to optimize the geo-
metrical configuration so as to minimize
system drag. A surprising aspect of this
rather simple project is that it appears that
such results have not yet been published or
fully exploited. The students relish the idea
of producing new, unpublished results as
part of their course work. One can imagine
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'working with

undergraduates is

not only a great

pleasure, but highly

beneficial to the

projects."
many applications: for example, to the de-
sign of vehicles on the road or in aerospace,
where even a modest reduction of aerody-
namic drag would have significance.

Developing the Program
and the Research Team
Although the study of wake vortex dynam-
ics has been our central research area, we
are investigating other flows as well. Sub-
jects we are looking into include the three-
dimensional transition to turbulence in gen-
eral shear flows, unsteady aerodynamics,
automobile aerodynamics, problems in
ocean engineering and naval architecture,
the instabilities of trailing vortex pairs shed
from aircraft wings, and vortex dynamics in
general.

In our work so far, undergraduate stu-
dents have been active participants, along
with the graduate researchers, and this will
continue. The arrangement is good for all
of us. The undergraduates find the collabo-
ration rewarding and exciting and it stimu-
lates their hopes and plans for careers in
research and development. The graduate stu-
dents and I find that working with undergradu-
ates is not only a great pleasure, but highly
beneficial to the projects. Clearly, one of our
best resources in the research environment is
our undergraduates.

Charles H. K. Williamson is an associate
professor in the School of Mechanical and
Aerospace Engineering. He is interested in a
variety of problems in fluid mechanics, often
from an experimental perspective, and many
students, at both the graduate and undergradu-
ate levels, are involved in his research. Born in
England, he received his undergraduate
education at the University of Southampton
(coincidentally sitting in the same chair later
occupied by Iain Boyd). After receiving the
doctorate from Cambridge University in 1982,
Williamson worked as a staff engineer for a

firm involved in research on offshore oil
platforms and then as a high school mathematics
and physics teacher in London. He took six
months off to compete in yachting events,
including two world championships. He came to
the United States in 1984 and spent five years
as a research fellow at the California Institute of
Technology's Graduate Aeronautical Laborato-
ries before joining the Cornell faculty in 1990.
He was awarded the Calder Prize by the Royal
Institution of Naval Architects in 1919 and
three times won the Gallery ofEluid Motion
competition at the annual meeting of the
American Physical Society.
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COMPUTATIONAL METHODS
IN AERODYNAMIC DESIGN

The Difficulties and the Promise

by David A. Caughey

n a time when computers have become
essential in engineering and science, aero-
dynamics presents a special case. Today's

supercomputers, or even the most powerful
computers we can imagine, cannot fully cope
with problems involving fluid flow past ve-
hicles, and the testing of physical models re-
mains a useful tool. Yet the use of computa-
tional methods holds great promise in
aderodynamics.

This promise was pointed out almost fifty
years ago by John von Neumann, a remark-
able pioneer in many fields spawned by the
invention and development of the high-speed
digital computer. A 1946 paper includes the
passage:

Indeed, to a great extent, experimenta-
tion in fluid mechanics is carried out un-
der conditions where the underlying
physical principles are not in doubt,
where the quantities to be observed are
completely determined by known equa-
tions. The purpose of the experiment is
not to verify a proposed theory but to
replace a computation from an unques-
tioned theory by direct measurements.
Thus, wind tunnels are, for example,
used at present, at least in part, as com-
puting devices of the so-called analogy
type... to integrate the non-linear par-
tial differential equations of fluid
dynamics.

The need to "replace a computation . . . by
direct measurements" is still with us, despite
the fact that aerodynamics is virtually unique
among the engineering sciences in having a
generally accepted and complete mathemati-
cal framework for describing problems of prac-
tical interest. The problem is that the solution
of equations pertaining to the physics of fluid
motions—at least under conditions corre-
sponding to most engineering problems, and
certainly for the flow of air past vehicles under
all but the most rarefied conditions—requires

calculations too massive for computers alone.
Because of the fundamental difficulty of solv-
ing the governing equations, computational
methods have been particularly important in
the development of aerodynamics, and vice
versa. In fact, aerodynamics—the study of fluid
flow past vehicles—has been a forerunner in
the development of computational methods.
Today computational fluid dynamics (CFD)
can be used in combination with wind-tunnel
testing to improve the design process.

In this brief article, I shall try to give a pic-
ture of the difficulties and the promise of com-
putational methods for the aerodynamic de-
sign of aircraft. I will focus on a concrete
problem—the design of a wing for efficient
flight at transonic speeds (where the speed of
the aircraft is comparable to the speed of
sound). This is a problem of great practical
importance, since half the jetliners in the
United States airline fleets are more than
twenty years old and ready for replacement.

The Fundamental Difficulties
in Solving Aerodynamic Problems
The physics of fluid motions are well de-
scribed, under most conditions, by the set of

This modern jet-powered airliner
is designed to operate efficiently
at the lower end of the transonic
speed regime—that is, when the
flight speed is comparable to the
speed of sound (approximately
340 meters per second or 760
miles per hour under standard
sea-level conditions in the
atmosphere). The speed of this
McDonnell-Douglas DC-10, and
all similar subsonic transport
aircraft is limited by the
incremental drag associated with
the formation of shock waves
above the wing surface.
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Figure 1. A schematic
representation of the flow

pattern in the vicinity of a lifting
wing section when the flight

Mach number is sufficiently high
that a supersonic pocket,

terminated by a shock wave,
forms in the vicinity of the wing

upper surface.

partial differential equations known as the
Navier-Stokes equations. The difficulties as-
sociated with solving aerodynamic problems
arise from two (related) properties of these
equations:
1. Nonlinearity. As a result of the nonlinearity
of the Navier-Stokes equations, most tech-
niques of classical mathematical analysis are
not generally applicable; in particular, it is not
possible to use superposition of elementary
solutions to build up more complex solutions.
In addition, the nonlinearity can lead to the
formation of nearly discontinuous jumps, or
Shockwaves, in flows that are initially smooth.
2. The tendency for turbulence to develop. The
existence of turbulence in most flows of engi-
neering interest means that to compute even
the mean properties of these flows, it is neces-
sary to determine unsteady solutions to the
Navier-Stokes equations which resolve all the
physically important fluctuations due to the
turbulence. When computational methods are
used to compute turbulent flows directly from
the unsteady Navier-Stokes equations, the re-
quirement to resolve all these scales for prac-
tical problems results in an impractically mas-
sive calculation. For problems of practical
interest, therefore, phenomenological models
are usually relied on for predicting the effects
of turbulent fluctuations on the mean flow
fields.

It is, of course, more than a coincidence
that von Neumann identified the study of tur-
bulent flows and flows containing Shockwaves
as two important problems for which numeri-
cal methods would play a crucial role.

The Combination of
Computers and Wind Tunnels
The time-honored method of aerodynamic
testing is, of course, to build models and ob-
serve their behavior in a wind tunnel; such test-
ing provides measurements of aerodynamic
forces and rates of heat transfer. But develop-
ment of the techniques of computational fluid
dynamics has led to debate, lively at times,
about the prospect of the computer replacing
the wind tunnel as the primary tool for evalu-
ating aerodynamic designs.

Computational analyses of flight vehicle
designs typically can be done much more
quickly than wind-tunnel testing; minor geo-
metric modifications to design can be analyzed

without the expense or time required to build
physical models, and the use of a computer is
much less energy-intensive than wind-tunnel
testing. On the other hand, in computational
analyses it is almost always necessary to make
approximations—including simplifications of
the fluid-mechanical model and, often, of the
geometry—and the net effects of these ap-
proximations are usually difficult to assess.

Wind-tunnel testing has the advantage that
with proper scaling it is, in principle, a perfect
simulation of the relevant physical processes.
The proper scaling is almost never achieved
completely in practice, however, because of the
presence of the walls of the wind tunnel and
because of the difficulty in simultaneously ad-
justing the parameters that govern all the rel-
evant physical processes.

In view of the limitations inherent in each
of these technologies, it is likely that for the
foreseeable future, aerodynamic designers will
continue to rely on both the computer and
the wind tunnel. Increasingly, however, com-
putational analyses are used to screen many
more candidate configurations than could
possibly be tested in the wind tunnel during
the design process. As a result, much better
designs can be achieved with the same amount
of wind-tunnel time.

Transonic Flow
and the Problem of Shock Waves
For many design purposes, it is sufficient to
represent the flow past the vehicle as that of
an ideal (or inviscid) fluid. This is appropriate
when the dimensionless parameter known as
the Reynolds number, which can be inter-
preted as an inverse ratio of the relative im-
portance of viscous, or frictional, effects in
determining the properties of the flow, is suf-
ficiently large and the body is sufficiently
streamlined that there are no large regions of
separated, or reverse, flow. For most aircraft,
these conditions are satisfied under flight con-
ditions corresponding to the design, or cruise,
speed and altitude.

When frictional effects have been ne-
glected, the Navier-Stokes equations simplify
to the Euler equations of inviscid flow. Then
for aerodynamic problems, the Mach number
Mis the only remaining dimensionless param-
eter of significance. The flight Mach number
represents the ratio of the vehicle flight speed
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to the speed of sound in the undisturbed at-
mosphere. Since the propagation of pressure
signals causes information about the flow to
be communicated from one point to another
in the field, it is not surprising that the charac-
ter of the Euler equations changes dramati-
cally depending upon the local Mach number
—whether M < 1 ,in subsonic flow, or M > 1,
in supersonic flow.

Figure 1 presents a schematic representa-
tion of the flow field in the vicinity of an air-
foil, or wing section, for flight Mach numbers
characteristic of the cruise condition for a jet
transport aircraft (0.70 < M < 0.90). A pocket
of locally supersonic flow develops above the
wing as a result of the acceleration of air flow
that is required to generate the low pressures
needed for lift. This pocket of supersonic flow
is almost always terminated by a shock wave—
a very high-gradient region in which the fluid
velocity changes abruptly from supersonic to
subsonic, with an attendant increase in the
density and pressure of the fluid. It is the addi-
tional drag associated with the formation of
these Shockwaves that limits the speed at which
airliners can fly economically.

Figure 2 presents results of a computation
in which the Euler equations are solved for
the flow past a profile of classical design (the
NACA 0012 airfoil) at a free-stream Mach
number of M = 0.75 and at an angle of inci-

dence of 2.92 degrees. The different contours
(colors) in this plot represent various Mach
numbers, with M = 1 corresponding approxi-
mately to the boundary between green and yel-
low. In such a contour plot the Mach number
is analogous to elevation in a topographic con-
tour map; thus, a bunching of the contours
indicates a steep gradient in the Mach num-
ber. The rapid change in color from red/or-
ange to green along the line springing from
the upper surface of the airfoil indicates a rather
strong shock wave across which the local Mach
number changes from more than 1.4 to less
than 0.7.

Until the late 1960s, many aerodynamicists
thought it was impossible to avoid the forma-
tion of these shock waves in flight at transonic
Mach numbers. A number of arguments were
put forth purporting to show that the super-
sonic flow in a smoothly decelerating region
near the surface of a wing is inherently un-
stable and would always be terminated by a
shockwave. By the early 1970s, however, both
numerical computations and physical experi-
ments had convinced engineers that so-called
shock-free flows did, in fact, exist. Numerical
techniques were developed both to predict the
shapes for which such shock-free flows could
be achieved and to analyze the resulting flows
at design and off-design Mach numbers.

Figure 3 shows a color contour map of

Figure 2 (left). Contours of
constant Mach number for the
computed flow pattern in the
vicinity of the NACA 0012 airfoil
section. The diagram shows
results of numerical solution of
the Euler equations of inviscid
compressible fluid flow at a free-
stream Mach number of 0.75 and
2.92 degrees angle of incidence.
Note the rapid change of color
associated with the shock wave
extending from the upper
surface of the airfoil.

Figure 3 (right). Contours of
constant Mach number for the
computed flow pattern in the
vicinity of the Korn airfoil
section. In this case, the contours
present the numerical solution of
the Euler equations at the shock-
free design point corresponding
to a free-stream Mach number of
0.75 and an angle of incidence of
0 degrees. Note the gradual
transition of color associated
with the smooth recompression
of the flow from supersonic to
subsonic velocities along the
upper surface of the airfoil.
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Figure 4. Contours of constant
Mach number for the computed

flow pattern in the vicinity of the
Korn airfoil section at slightly off-

design Mach numbers.
In 4a (left) the free-stream

Mach number is 0.74, only about
1 percent lower than the design

value. Note the breakup of the
supersonic pocket into two

smaller pockets, each terminated
by a weak shock wave.

In 4b (right) the free-stream
Mach number is 0.76, only about
1 percent larger than the design

value. Note the growth of the
supersonic pocket, which is now

terminated by a relatively strong
shock wave.

the computed Mach number distribution in
the vicinity of a shock-free airfoil designed
by David Korn at New York University.
These results were computed using the same
inviscid approximation that was used to cal-
culate the results for the NACA 0012 air-
foil shown in Figure 2. In spite of the fact
that the same free-stream Mach number was
used in both sets of calculations, and that
almost exactly the same lift is generated, no
significant shock wave is indicated for the
Korn airfoil: the smooth variation in color
from red through orange and yellow to green
along the upper surface of the airfoil indi-
cates a smooth recompression from super-
sonic to subsonic velocity. In the case of the
NACA 0012 airfoil, the wave drag contrib-
uted by the shock wave amounts to approxi-
mately 5 per cent of the lift force; in the
case of the shock-free Korn airfoil, this wave
drag is zero. And since the total drag for an
efficient high-speed transport is typically
only about 5 per cent of the lift generated,
it is clear that shock-free wing technology
can bring about appreciable savings in fuel.

While this comparison demonstrates that
it is possible to design airfoils and wings hav-
ing zones of supersonic flow with no shock
waves, the fact remains that such flow fields
are quite special. In fact, an important math-
ematical result from the 1960s implies that

for a flow with a smooth supersonic
recompression, any infinitesimal perturba-
tion in the free-stream conditions or in the
shape of the airfoil will result in the forma-
tion of a shock wave. This finding was mis-
interpreted by many to imply that shock-
free flow fields are not achievable in practice
because arbitarily small perturbations would
result in catastrophic breakdown of the flow
field. In actual fact, even though the flow
fields are relatively sensitive to perturbations
away from the design point, a small pertur-
bation usually results in the appearance of
only relatively weak shocks.

To illustrate this sensitivity to small
changes in flow parameters, two additional
solutions for the flow past the Korn airfoil
are presented in Figure 4. Calculated Mach
number contours are shown for the flow at
the design angle of incidence, but with the
free stream Mach number perturbed by +/-
0.01 from its design value. Figure 4a shows
the Mach number contours for a free-stream
Mach number of 0.74 rather than 0.75; it is
seen that the supersonic zone has broken
up into two smaller lobes, each terminated
by a weak shock wave. Figure 4b shows the
Mach number contours for a free-stream
Mach number of 0.76; in this case, the su-
personic zone has grown and is now termi-
nated by a relatively strong shock wave.
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The Numerical Method
and Its Significance
The results shown in the figures were obtained
by using the relatively new tool of computa-
tional fluid mechanics, and serve to demon-
strate its usefulness in improving the design
of commercially important aircraft.

The procedure used in these calculations
is one that I developed on the basis of a fi-
nite-volume approximation to the differen-
tial equations. The domain is divided into a
non-overlapping set of mesh cells and the
appropriate conservation laws are enforced
for each cell to determine the average val-
ues of the flow variables there. The grid
system used for the Korn airfoil calculations
is illustrated in Figure 5. Although the ac-
tual grid system extends to approximately
thirty body lengths from the airfoil, only the
grid cells near the airfoil surface are shown
here for clarity; the entire grid contains
more than 24,000 cells.

The finite-volume approximation is de-
signed to capture, automatically, with the cor-
rect strengths and locations, any shock waves
that appear in the solution. The numerical
method enforces conservation of mass and en-
ergy and Newton's second law relating accel-
eration to the net pressure force acting on the
fluid in each of the quadrilateral cells into
which the domain has been subdivided. Since
there are four equations to be solved to relate
the fluxes across the boundaries of each cell to
the average properties within the cell and
within neighboring cells, for this example al-
most 100,000 simultaneous equations are re-
quired in order to determine the flow proper-
ties throughout the field. These nonlinear
equations are solved using an efficient itera-
tive technique that, in most cases, converges
to within acceptable accuracy in fewer than
fifty iterations.

The aerodynamic phenomenon discussed
here—the generation of shock waves above the

Figure 5. Part of the grid system
devised for the calculations used
to predict the Mach number
distribution shown in Figures 3
and 4. The portion shown here is
near the surface of the Korn
airfoil. The entire grid contains
384 cells in the direction of the
contours that wrap around the
airfoil surface, and 64 cells
distributed between the airfoil
surface and the boundary in the
far field.
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"the replacement of

... aging transports

with more fuel-

efficient new models

will have a bene-

ficial impact On the wing of an aircraft cruising at transonic
speeds—is significant, since it is principally re-

P777)1T07]?MP7)t " sponsible for limiting the cruise speeds of all
commercial jet transports. This has important
implications. Historically, the United States
aerospace industry has been responsible for a
sizable favorable balance of payments in in-
ternational trade in this area, contributing
more than $150 billion over the past decade,
and the opportunity to continue to benefit
from this activity in the design and manufac-
ture of civil transport aircraft continues to grow
as the world's commercial jet transport fleets
continue to age. Also, the replacement of these
aging transports with more fuel-efficient new
models will have a beneficial impact on the
environment.

At a time when the aerospace industry is
facing dramatic challenges due to a restruc-
turing of the defense industry, the ability of
the United States to maintain its competitive
edge in this important technology will be a
major factor in helping the aerospace indus-
try weather the changes in the coming years.
Better design, involving new computational
techniques, is a key to success.

David A. Caughey is a professor and director of
the Sibley School of Mechanical and Aerospace
Engineering. He received the Ph.D. degree in
aerospace and mechanical sciences from
Princeton University and did aerodynamic
research at the computing center of the Soviet
Academy of Sciences in Moscow and the
McDonnell Douglas Research Laboratories in
St. Louis, Missouri, before joining the Cornell
faculty in 1914. He has spent sabbatical leaves
at Princeton University and at the NASA Ames
Research Center. His research interests have
focused on the development of efficient numerical
techniques for problems in compressible aerody-
namics, with particular attention to transonic
flows with shock waves. He received the 1919
Lawrence Sperry Award of the American
Institute of Aerodynamics and Astronautics and
a certificate of merit from the NASA Langley
Research Center for his contributions to a
widely-used computer code for the analysis of
transonic flow past wings. He is an associate
fellow of the American Institute of Aeronautics
and Astronautics, and has served as an associate
editor of the AIAA Journal. In 1911 he received
the Cornell Society of Engineers/Tau Beta Pi
Award for Excellence in Engineering Teaching.
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SIMULATING THE PERFORMANCE
OF GAS-TURBINE COMBUSTORS

The combustors in gas-turbine engines
must meet increasingly stringent re-
quirements, and better methods for

making design modifications are essential. The
challenge is significant, for the manufacture
of aircraft engines remains an important seg-
ment of the economy, with annual sales in the
tens of billions of dollars.

While gas-turbine technology has existed
for fifty years, it has had to adapt to continual
changes in other technologies. Now, for ex-
ample, advances in materials technology al-
low higher turbine inlet temperatures and
therefore higher temperatures in the combus-
tor. Without combustor design modifications,
this would lead to higher pollution emissions
(in the form of NOX) at a time when regula-
tions call for reduced emissions.

In developing new combustors, designers
rely on two principal approaches. One is the
empirical approach of building, testing, and
then modifying prototypes. This is both time-
consuming and expensive: the cost of running

by Stephen B. Pope

a test rig is on the order of $100,000 per day.
The other strategy is to use computer simula-
tions to predict performance. Simulation is ex-
tremely attractive because it is faster and much
less expensive to implement. Furthermore,
sales are increasingly based on the projected
performance of engines that have yet to be de-
veloped, and computer simulations are used
to make these projections. However, because
the simulations now available are not com-
pletely accurate and because they do not pre-
dict all phenomena (for example, combustion
instabilities), it is at present necessary to use
both approaches in combustor design.

Over the past ten years, one of the main
efforts of my research group has been to im-
prove methodologies for making computer
simulations of combustors. The challenges are
formidable. The flow in a combustor is turbu-
lent, so that the flow field has a substantial ran-
dom component. Combustion chemistry may
involve fifty or more chemical species, taking
part in several hundred elementary reactions.

"Simulation is

extremely attractive

became it is faster

and much less

expensive"

Color contour plot of isotherms
in a gas turbine combustor
produced using General Electrics
combustor simulation program.
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Figure 1. Scatter plot showing
results of a simple simulation,

using the PDF model, of the
distribution of particle velocities

in a turbulent flow at a fixed
time. The particles are located at

a fixed distance, x7, along the
principal direction of flow, but

are distributed at various
positions, x2, across the thickness

of a constant-density plane
mixing layer between two

parallel uniform streams flowing
at different velocities.
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In addition, the reaction rates are highly
nonlinear functions of temperature, and be-
cause of the turbulence, the temperature can
fluctuate by many hundreds of degrees.

While the fundamental governing equa-
tions are known (for the most part), it is not
feasible to solve them on a computer, any more
than it is feasible, for example, to compute the
motion of all the molecules in a milliliter of an
ideal gas. The number of degrees of freedom,
and the great range of time and length scales,
are vastly more than any current or projected
supercomputer can handle. As in kinetic
theory, we must adopt a statistical approach. I
will describe recent progress in two aspects of
the simulation—the modeling of turbulence
and the modeling of combustion chemistry.

The PDF Model
for Simulating Turbulence
Any simulation on a digital computer involves
a discrete representation of the system being
studied. In many engineering applications it

is the physical space and time that are
discretized; in a finite-difference method, for
example, the dependent variables are stored
at discrete space-time points. In the method
we use to simulate turbulent combustion—the
PDF (probability density Junction) method— it
is the fluid, rather than the underlying space,
that is discretized.

At a given time, the flow is represented
by a large number N of notional particles;
for example, N could be 106. Each particle
represents a fixed mass of fluid with a cer-
tain position, velocity, temperature, and
chemical composition. Because the flow is
turbulent, the particles in a small region of
space can have widely different properties.
Their statistical distribution is an approxi-
mation to the PDF of the turbulent fluid in
the region.

The simulation consists of computing the
time evolution of the particle properties. Some
of the evolution laws are known; for example,
the particles move with their own velocity. But
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models are required to simulate the effect of
turbulent fluctuations on the particles' veloci-
ties and thermochemical composition.

Figures 1 and 2 show results from a simple
simulation that illustrates the PDF method.
The flow under consideration is the constant-
density, nonreacting plane mixing layer formed
between two parallel uniform streams of dif-
ferent velocity (in this example, one velocity is
taken to be twice the other). The dominant
flow direction is xx and the cross-flow direc-
tion (going from one of the parallel streams to
the other) is x2. (The flow is statistically ho-
mogeneous in jf3.) The free-stream velocities
are U^ (at x2 = °°) and 2 L^ (at x2 = -°°), so the
velocity ratio is 2, and the velocity difference
is AU = U^. At large axial distances the flow
spreads linearly and is self-similar. Conse-
quently, statistics of U/AU(velocity within the
layer) depend only on x2lxx (lateral position).

Figure 1 is a scatter plot of the particles'
axial velocity Ux and lateral position x2 at a
fixed axial location xx and fixed time. In the
free streams (x2 -> ±°°) the particles adopt the
free-stream velocities (2 U and U, respectively).
But in between there is a distribution of par-
ticle velocities that accurately represents the
distribution of turbulent velocities.

Figure 2 shows the paths of five particles
(selected at random from the N = 50,000 used
in the simulation). The nominal edges of the
layer—indicated by the dashed lines—spread
linearly with downstream distance (x{) as tur-
bulence causes mixing between the two
streams. It may be observed that several tra-
jectories traverse the layer from one edge to
the other, without changing direction, and that
the trajectories are devoid of small-scale fluc-
tuations. Thus, the model accurately reflects
the large-scale coherent motions observed
experimentally in mixing layers.

The simple simulation that I have described
was done in only a few minutes at a worksta-
tion. Obviously, applying the same method to
a gas-turbine combustor is much more diffi-
cult, but we have been successful in develop-
ing and implementing ways of using parallel
computers to perform these simulations. On
all the machines (IBM, Intel, and Kendall
Square) that are available for parallel comput-
ing at Cornell's Theory Center, we have
achieved close to 100 percent efficiency in us-
ing the capability.

Simplifying the Description
of Combustion Chemistry
With fifty or so chemical species participat-
ing in several hundred elementary reactions,
and with time scales ranging from 10~12 to
10~2 second, combustion chemistry is com-
plex. In simple situations—in laminar
flames, for example—it is possible to de-
scribe this chemistry in full detail, but for
turbulent-flow simulations, a much simpli-
fied description is needed in order to make
the computations tractable.

Together with Dr. Ulrich Maas of the
University of Stuttgart, we have developed
a methodology to simplify the representa-
tion of the chemical kinetics. We call it the
ILDM (intrinsic low-dimensional manifolds)
method. To understand the basic idea of
ILDM, we can consider a reacting flow in-
volving fifty species. The composition of a
fluid particle in the flow can be represented
(at a fixed time) as a point in a 50-dimen-
sional composition space; then, as time goes
on, the point moves in the space under the
actions of chemical reaction and molecular
diffusion. The ILDM method simplifies the
situation by considering that instead of fill-
ing the 50-dimensional composition space,
the particles are attracted to low-dimen-
sional manifolds within the space.

The idea behind the ILDM method is il-
lustrated in Figure 3, which shows the trajec-
tories, starring from different initial conditions,
of various particles in a CO/H2/air system. The

Figure 2. The paths of five
randomly selected particles from
the Figure 1 simlulation. The
distances x7 and x2 have
arbitrary units. The dashed lines
show the nominal edges of the
mixing layer, taken to be where
the mean velocity differs from
the free-stream velocity by 10
percent of the velocity
difference.
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trajectories are projected onto the two-di-
mensional CO2-H2O plane. By construc-
tion, the initial conditions are distributed
throughout the space; nevertheless, very
rapidly the trajectories bunch together
around a single curve: a one-dimensional
manifold.

The ILDM method provides a mathemati-
cal prescription for identifying the intrinsic
manifolds of specified dimensionality for any
fael/air mixture. The treatment of the chem-
istry is then greatly simplified by describing it
on (for example) a two-dimensional manifold
rather than in a 50-dimensional space. The
greater the dimensionality employed, the bet-
ter the approximation; but in applications stud-
ied so far, a two-dimensional manifold has been
sufficient.

The accuracy of the method is demon-
strated in Figure 4, which shows close agree-
ment between results obtained with ILDM
and with a more detailed representation.
The figure shows calculated mass fraction
profiles for several chemical species in a
laminar premixed flame of a CO/H2/air mix-

Figure 3. An illustration of the
basic idea of the ILDM method

for simulating combustion
chemistry in turbulent fluid

flows. Here the reaction
trajectories of a number of

particles of a CO/H2/air
combustion system are projected

onto the CO2 - H2O plane.
Although the particles started

from different initial conditions,
they are all attracted to a single

curve—in this example, a one-
dimensional manifold. This

"grouping" strategy greatly
simplifies the calculations.

Figure 4. Data demonstrating the accuracy
of ILDM simulation. The system is a
premixed CO/H2/air flame; temperature
and mass-fraction profiles of the major

chemical species are shown. The profiles
were calculated using ILDM simulation (the
symbols) and using a detailed kinetic
scheme (the lines).
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ture. The solid lines were obtained using a
scheme involving thirteen species and sixty-
seven reactions; the symbols indicate results
obtained using the ILDM method with a two-
dimensional manifold.

The Use of Models
in Turbulent Flame Calculations
We have used the PDF turbulence model in
combination with the ILDM chemistry model
to make calculations of velocity, density, and
composition in turbulent flames. Comparison
of such calculations with careful laboratory
measurements serves to validate models be-
fore they are used in combustor design.

An example of such a comparison is shown
in Figure 5, which is adapted from the recent
Ph.D. thesis of Andrew T Norris. This shows
radial profiles in a methane/air turbulent jet
diffusion flame. This is a challenging flow to
simulate: the turbulent strain rates are suffi-
ciently high that local extinction of the com-
bustion reactions occurs. Nevertheless, as the
figure shows, the model calculations agree well
with the experimental data.

The near field of a piloted jet diffusion
flame. The central jet is pure fuel (methane)
and the annulus that surrounds it is a pilot
stream formed by many small premixed
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flames. A comparison of measurement and
calculation for this type of flame twenty
fuel-jet diameters downstream is shown in
Figure 5.

Figure 5. A comparison of
simulation results with
experimental data. The curves
represent radial profiles of
velocity, density, and mixture
fraction in a methane/air
turbulent jet diffusion flame at
an axial distance of 20 nozzle
diameters. The lines represent
values calculated by the PDF
simulation and the symbols
represent experimental data.
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"Computational

power is now

sufficient/or

simulation models to

turbine combustors."

play a useful role in
Applying Simulation

the design Of gaS- t o Combustor Design
Computational power is now sufficient for
simulation models to play a useful role in the
design of gas-turbine combustors. In fact, these
methods are currently being used as part of
the design process at General Electric, Allison
Gas Turbine, and NASA Lewis.

As computers become more powerful, ac-
cessible, and affordable, the key questions con-
cerning these models will be their scope and
accuracy, rather than the computational cost
that is entailed. In our work at Cornell we are
continuing the development of accurate mod-
els of turbulence using PDF methods, and of
combustion chemistry using the ILDM
method. The gas-turbine combustors of the
future will take shape and undergo testing on
the computer before the actual prototypes are
made and installed in real aircraft.

Stephen B. Pope is a professor in the Sibley
School of Mechanical and Aerospace Engineer-
ing. The primary focus of his research is the
development of computational procedures for
calculating the properties of turbulent flows. He
was educated at the Imperial College in London,
where he received B.Sc, Ph.D., and D.Sc.
degrees. Before joining the Cornell faculty in
1982, he conducted postdoctoral research at
Imperial College, served as a research fellow in
aeronautics in the Department of Applied
Mathematics at the California Institute of
Technology, and taught in the mechanical
engineering department at the Massachusetts
Institute of Technology, hi 1990, he and two
former graduate students won first prize in the
IBM supercomputer competition for turbulence
simulation performed at the Cornell Theory
Center. Pope is a fellow of the American
Physical Society, a member of the Combustion
Institute, and an associate fellow of the Ameri-
can Institute of Aeronautics and Astronautics. In
addition, he is an overseas fellow of Churchill
College, at Cambridge University, and an
associate editor o/Physics of Fluids A.
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HOW WAVE ROTORS CAN ENHANCE
JET-ENGINE PERFORMANCE

A three-engine jet airliner could be
flown on only one engine—without
reducing the cruising speed—if a

properly designed wave rotor were added be-
tween the compressor and turbine of the en-
gine. At Cornell we have formulated a wave-
rotor design procedure appropriate to tackle
this and other tasks, and preliminary testing
of the theory by NASA has given good results.

Increasing engine performance is a major
challenge to aircraft designers. Currently, the
most economical engines for aircraft are turbo
fans, which are used on commercial jet air-
liners. Turbo fans have reduced the kinetic
energy that is left behind in the white plumes
following jet aircraft and created thrust from
energy that otherwise would be wasted. But
further improvement can be made.

Our work, carried out with the support and
cooperation of scientists at the NASA Lewis
Research Center, began with the fundamen-
tals of rotor design and has progressed through
experimental confirmation of a design proce-

by Edwin L. Resler, Jr.

dure. The indications are that this technology
could not only increase the efficiency of cur-
rent engines, but also more than double their
power.

Current Technology
for Turbo-Fan Engines
We begin with the technology of current jet
engines.

A turbo-fan engine has a core flow where
the fuel is burned and turbine work is gener-
ated, and also a bypass flow that is compressed
by a fan. The fan is powered by some of the
turbine work. (For the pertinent equations, see
the side-bar on the next page.)

An engine currently in use is the Rolls-
Royce RB 211 turbo-fan that has an intake
diameter of 102 inches and a bypass ratio of
4.7. Three of these engines power the 430,000-
pound Lockheed 1011, which cruises at 3 5,000
feet—where the pressure is 0.24 atmosphere
and the temperature is -60° F—at a Mach
number (the ratio of aircraft speed to atmo-

low-pressure
compressor

stage
high-pressure
compressor

stage

"this technology could

not only increase the

efficiency of current

engines, but also

rrwre than double

their power."

Figure 1. A schematic diagram of
a Rolls-Royce RB-211 turbo-fan
engine. The turbine blades at the
exit of the combustor are
subjected to the peak cycle
temperature. The material
limitation of these blades limits
the performance of conventional
gas turbine engines.
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The Mathematics of Jet Engine Enhancement

The energy entering the nacelle plus the heat released
by burning the fuel equals the energy leaving the nacelle:

or

[i]

[2]

where u is the velocity relative to the nacelle, h is the en-
thalpy, and q is the heat added to a unit mass flowing through
the engine by the fuel. The subscript/denotes the flight
conditions ahead of the aircraft and the x subscript denotes
the flow conditions at the engine exit.

Now consider the air being processed by the engine.
It is an "open cycle," whatever it might be. To close the
"open cycle," a constant pressure process is appropriate,
in which case (hx - hj) is the cycle's rejected heat (qr). Us-
ing a cycle energy balance, q - qr = cycle work = Tj^q,
where r\ is efficiency, we find that for jet propulsion sys-
tems exhausting at flight pressure, for any cycle:

[3]

A turbojet has a core flow where the fuel is burned—and
therefore is governed by the above equation—and a bypass
flow compressed by a fan that is powered by part of the
cycle work generated by the core flow. Thus the total mass
flow, m, through the engine is made up of the core flow,

, and the fan flow, m^n, so thatm

m = mcore + mfan [4]

The thrust force of the turbofan or turbojet is, in this case,
F = m(ux - lift, and the "core flow work" is utilized to power
the fan flow as well as the core flow. If it is assumed that the
core and fan flow have the same exit velocity, ux, this can be
summarized for a 100-percent-efBcient fan in the formula:

[5]

If we factor this equation and use our expression for the
thrust, F, and use the propulsive efficiency, riprop, defined by

2
Vprop [6]

1+ («>/)

we find, after some rearrangement, the following equation:

It is useful to introduce the equivalence ratio 0, defined as
the operating fuel-to-air ratio divided by the stoichiomet-
ric fuel-to-air ratio. For jet fuels (essentially kerosene)
the stoichiometric fuel-to-air ratio is taken to be 1/15,
and furthermore,

ue)-

/lb.offuelX ( m d h e • y a l

\ lb. of air /

* x

Using mcore = PfUfAfcore^ where p^is the density at flight alti-
tude and Afcare is the area of the free streamline containing
the core flow ahead of the engine nacelle, and a fuel heat-
ing value of 18,000 B.T.U. per pound of fuel, and then the
gas law to eliminate the density in favor of the pressure and
temperature, and further recognizing that at aircraft cruise
altitudes the temperature is 400°Rankine, we write our last
equation in the convenient form

^=43.3 [8]

This equation is convenient in that the dimensionless quan-
tities in the parenthesis can each at most be 1, indicating
peak thrust for any engine at an altitude where the pressure
ispf.
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manifold
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Figure 2. A wave rotor, made up
of a multitude of channels
arranged around a cylinder that
is rotating at a constant speed.
Situated between the
compressor and the turbine of a
conventional engine, this
addition permits the same
engine components to produce
greater thrust more efficiently by
utilizing wave action in the
channels.

spheric sound speed) of 0.85. At cruise each
engine supplies 9,400 pounds of thrust. The
specific fuel consumption of this aircraft has
been measured at 0.64 pounds of fuel per
pound of thrust per hour. These data are suf-
ficient to calculate the three quantities that
summarize the performance of this engine: <p
= 0.13, t\m = 0.86, and r)^ = 0.39. (As de-
fined in the side-bar, 0 is the operating fuel-
to-air ratio divided by the stoichiometric fuel-
to-air ratio, and r\ denotes efficiency.) Note
that the value of 0 is very low compared to the
value of 1, which is where automobile engines
operate.

The performance of the components of this
engine can be estimated. Since the fuel con-
sumption gives the heat added to the thermo-
dynamic cycle and the flight and exit veloci-
ties determine the work of the cycle, the
rejected heat and therefore the temperature
of the core flow can be determined. In our
case, the core flow is found to exit the nacelle
at 325 °E A turbine efficiency of 91 percent
and a temperature out of the combustor (or
into the turbine) of a comfortable 1,700 °F
would result in a compressor operating at a
pressure ratio of 42 with an efficiency of 82
percent.

Prospects for Engine
Improvements
Suppose we desire to use only one engine, and
propose to accomplish this feat by adding more
fuel to a single existing engine. We assume that
the front of the engine—namely, the compres-
sor—operates as described above and that the
turbine will operate at the same efficiency as
before. We find that for the same aircraft per-
formance 0=0.36, i\m = 0.67, and ^ = 0.55,

and that the specific fuel consumption has
decreased to 0.60 pounds of fuel per pound of
thrust per hour. All of the three "changeable"
design parameters have changed, but their
product, which determines the overall perfor-
mance, has tripled. Since the only modifi-
cation has been the amount of fuel burned
in the same engine, why is this change not
instituted?

A closer look at the calculation reveals that
the turbine inlet temperature has risen to a
formidable 2,821°F, very close to the melting
point of the blade material. In the past, major
improvements in jet-engine technology have
depended on, and followed, the develop-
ment of turbine-blade materials that could
withstand higher temperatures. Currently,
turbine blades are fabricated from perfect
crystals and protected by a layer of cooling air
from the compressor. But although the mate-
rials technology continues to advance, progress
is becoming more difficult. Wave-rotor tech-
nology offers another approach to solve this
problem.

The Development
of Wave-Rotor Technology
A wave rotor is a rotating cylindrical bundle
of channels that guide waves and gases along
their length (see Figure 2). The waves and
gases are driven by flows introduced through
ports at the ends of the channels. Engine per-
formance can be improved in this case by situ-
ating a wave rotor after the compressor and
before the turbine of the conventional engine.
Wave motion in the rotor replaces the turbine
parts that are impossible to fabricate to with-
stand the high temperatures; and shock-wave
compressions, driven by the expansion of gas
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Figure 3. A MINQ wave diagram,
showing the essential features of
wave action in the channels of a
rotor.

What are called waves (in accor-
dance with popular usage) are,
more precisely, the mathematical
characteristics of the set of
differential equations describing
the conservation laws for the
one-dimensional flow in the
rotor channels. There are two
types of waves in a channel—
those moving with velocity (w+o)
and those moving with velocity
(u-a), where u is the flow speed
in the channel and a is the local
sound speed. These are called P
and Q waves, respectively.

The eight regions of the cycle are
numbered in this figure. Gas from
the engine compressor enters
region 1 at sound speed to trap P
waves in the channel and sweep
out the residual gases from the
previous cycle. The blow-by
section makes it possibile to use
compressor gas for cooling.

Next, the flow is stopped and
compressed by the shock wave
from a plate at the end of the
channel. The gas in region 2 then
encounters another shock wave
(2 to 3) which is produced when
the plate that stopped the flow
ends, and hot, high-pressure com-
bustion gas is introduced into the
wave channel at the left side. The
shock-compressed gases (region
3) are then collected and
directed to the combustor.

Closing port 4 and opening port
5 to a lower pressure causes an
unsteady expansion wave to cool
and exhaust the combustion
gases to a turbine. The flow out
of port 5 is uniform until the
wave created by closing port 3
traverses the channel. The flow
in the channel from 6 to 7 is
isentropic, and the pressure at 7
is chosen to produce the shock
wave that is required to flush the
channel and prepare it for
another wave cycle.

cooling
blow-by

to
expander

to
turbine

from
combustor

u = 0 2

H from
compressor

Characteristics

Contact Surface

Shock Wave

to combustor
via turbines

if appropriate

Distance along Wave Channel

when heated in a combustor at constant pres-
sure, replace the corresponding compressor
section.

Although there is an unsteady wave mo-
tion in each channel, the flow issuing from the
ports at any circumferential position is steady.
A particular cycle chosen and tailored for the
application under discussion is of the MINQ
type. This cycle starts with the introduction
of air from the conventional compressor and
is made up of eight identifiable parts (see Fig-
ure 3). The wave compression is accomplished
with two shock waves before introduction of
the gases to the combustor. Completion of the
wave cycle requires complementary expansion
waves, as indicated. The cycle also includes

the provision for blow-by to cool the rotor or
associated hardware. The cycling of the hot
and cold gases results in a low average tem-
perature of the metal parts, in this respect
mimicking the automobile engine, in which
combustion occurs at 0 = 1.

The addition of the wave rotor to the
present engine configuration results in the
desired performance: the thrust is tripled, the
specific fuel consumption is reduced to 0.60
(the same as was calculated for the single en-
gine without the wave rotor), and the turbine
inlet temperature is not too high. In the cal-
culations, it is assumed that the components
have comparable efficiencies. The average
temperature of the gas out of the rotor and

38 Cornell Engineering Quarterly



into the turbine, after being cooled by the ex-
pansion, is 2,099 °F, as compared to the 2,821
°F that was calculated for this temperature in
the absence of the wave rotor. The parameters
determining performance are 0 = 0.37, 7]prop =
0.62, and TJ^ = 0.58. Furthermore, in this case
there is no cooling blow-by. If 29 percent of
the flow entering the combustor were utilized
for blow-by cooling, the "out temperature"
would be reduced to 1,700 °F without affect-
ing performance.

The Promise of
Wave-Rotor Technology
In this article I have presented a brief discus-
sion of the principles that can be employed to
dramatically improve the performance of jet
engines. The application of this technology
to propulsion in general is much broader than
the special case discussed in this brief note.
Other possibilities under active investigation
are the use of wave rotors for supersonic flight
and their use to control NOX emission, thereby
permitting flight at altitudes adjacent to the
ozone layer.

Since 1989, research personnel at the
NASA Lewis Research Center, Cornell, and
other centers have cooperated to systemati-
cally explore the possibilities of this approach
to engine design, and to verify experimentally
the theoretical predictions. The first experi-
mental confirmation of the usefulness of the
theoretical predictions developed at Cornell
and NASA was accomplished last summer.
The experiments continue and will be used to
fine-tune the design procedures.

While the replacement of three of the en-
gines on a modern wide body transport by only
one of the same size is admittedly optimistic,
if the three are eventually replaced by only two,
the research effort in wave-rotor technology
will have been well worthwhile.

Edwin L. Resler, Jr. is the Joseph Newton Pew,
Jr. Professor of Engineering, Emeritus. He
received the Ph.D. from Cornell in 1951 and
has remained at the university throughout his
career except for four years at the University of
Maryland (1952-56). He was involved in the
early design of wave engines, shock-tube
research, and magnetohydrodynamics; he helped
minimize the sonic boom in aircraft and air
pollution from automobile engines. He has been
a consultant to many industries, and has spent
sabbatical leaves at A VCO Corporation *s
Research and Advanced Development Division,
Pratt and Whitney's Advanced Engine Design
Group, and the Propulsion Systems Division of
NASA *s Lewis Research Center. He is a member
of the American Physical Society and a fellow of
the American Institute of Aeronautics and
Astronautics (AIAA). He has been an editor of
Astronautics, the AIAA Journal, and Physics
of Fluids, as well as director of the Sibley School
of Mechanical and Aerospace Engineering.
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R E G I S T E R

John E. Hopcroft Named Dean

As of January 1, 1994, the
College of Engineering has
a new dean. A search that
began after William B. Streett
announced his intention to
resign, in June 1993, had no
trouble choosing, from a field
of well-qualified candidates,
the best man for the job:
John E. Hopcroft.

Since July 1992, Hopcroft
has been associate dean for
college affairs. The adminis-
trative ability he demon-
strated in that position soon
convinced many members of
the faculty and staff that he
should be the next dean of the
college.

Hopcroft's career is a
record of continual progress
through hard work, with no
wasted motion. Close observ-
ers report that he is "incred-
ibly focused," with the ability
to quickly master the details
of a problem, analyze it
clearly, and make an appro-
priate decision. He is also said
to be a good listener, and
good at delegating responsi-
bility to talented associates.
He is not naturally gregari-
ous, but he has systematically
built up a wide-ranging net-
work of contacts through his
service to professional organi-
zations and to the college.

Hopcroft is a computer
scientist who was trained,
before there were depart-

ments of computer science, in
electrical engineering. He
received the bachelor's degree
from Seattle University in
1961, and the Ph.D. from
Stanford University in 1964.
His first academic appoint-
ment was at Princeton Uni-
versity, where he spent three
years before coming to
Cornell in 1967.

An active researcher in the
general area of modeling and
simulation, Hopcroft has
worked to delineate a set of
fundamental principles that
underlie real-world systems.
This is important for object
representation, solid model-
ing, graphics, and automated
design. He has guided the
research of nearly thirty
doctoral candidates, and been
an author or editor of five
books and more than eighty
academic papers. He has been
invited to give lectures all
over the world.

In addition to his academic
duties, Hopcroft has spent
considerable time and energy
in service to his profession.
He is a referee for nine jour-
nals, and has been an editor
or associate editor of seven.
He belongs to the Association
for Computing Machinery,
the Society for Industrial and
Applied Mathematics, the
American Association for the
Advancement of Science, the
New York Academy of Sci-
ence, and the Institute of
Electrical and Electronics
Engineers. He has been a
member of many committees

established by these organiza-
tions, as well as by other
institutions. In 1992, Presi-
dent Bush appointed him to
the National Science Board,
which oversees the National
Science Foundation.

Hopcroft has also been
unstinting in his service to
Cornell. He was graduate
field representative for the
Department of Computer
Science from 1968 through
1975, and has been a member
of numerous committees. He
was appointed chair of his
department in 1987, and he
served in that capacity until
he became associate dean of
the college.

The honors that have been
bestowed on Hopcroft reflect
his extraordinary accomplish-
ments. He was named to an

endowed chair, becoming the
Joseph C. Ford Professor of
Computer Science, in 1985.
The next year, he was a co-
winner of the A. M. Turing
Award, which is given by the
Association for Computer
Machinery and is regarded as
the most prestigious award in
the field. In 1987 he was
made a fellow of the Ameri-
can Academy of Arts and
Sciences, the American Asso-
ciation for the Advancement
of Science, and the Institute
of Electrical and Electronics
Engineers. In 1989 he was
elected to membership in the
National Academy of Engi-
neering, and in 1990 his alma
mater, Seattle University,
awarded him an honorary
degree.

On the occasion of
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The Streett Years: Humanizing Engineering

Hopcroft's appointment as
Joseph Silbert Dean of Engi-
neering, Frank H. T. Rhodes,
president of Cornell Univer-
sity, praised him as "a man of
vision, a first-rate educator,
and an outstanding computer
scientist."

Hopcroft's vision for the
college is, typically, perfectly
clear. "I believe that the high-
est priority for the college is
maintaining the excellence of
its faculty, since it is they who
will, in the long run, deter-
mine our identity and our
priorities as an institution,"
he has written. This requires
not only wise decisions with
regard to hiring and promo-
tion, but also the mainte-
nance of an environment that
is conducive to optimal
performance.

Hopcroft believes that the
college's mission to educate
young engineers is best car-
ried out in the context of
front-line research. "As a
leading research institution,"
he has written, "the college
provides students with the
unique educational opportu-
nity of being introduced to
subject matter by top re-
searchers and scholars." Not
only do faculty members
present what is already
known, but they also "expose
students to the processes of
extending the boundaries of
knowledge."

"To work with the faculty
and staff to help shape the
direction of the engineering
college is," Hopcroft says,
"the opportunity of a life-
time."

When William B. Streett
stepped down, he had led the
College of Engineering for a
longer time than any other
dean since Solomon Cady
Hollister (1937-59). He
became acting dean in 1984,
when Thomas E. Everhart
left to become chancellor of
the University of Illinois at
Urbana, was appointed dean
in his own right the following
year, and remained in the
post through the end of 1993.

Having resigned the
deanship so that he can de-
vote more time to family
responsibilities, Streett will
resume teaching and research
activities in the School of
Chemical Engineering. He is
an experimentalist, concerned
with the physical and thermo-
dynamic properties of dense
fluids. His careful work,
designing equipment, build-
ing it, and using it to take
precise measurements, has
resulted in more than 120
publications. The work is not
glamorous, but the results are
important both to theorists
who are interested in predict-
ing the properties of fluids
and to engineers who want to
design chemical processes.

Without the administra-
tion of the college on his
shoulders, Streett will also
have more time for his hob-
bies, history and cabinet-
making. He has long been
interested in the relationship

between society and tech-
nology, and in recent years he
has studied the history of
engineering education. He
also builds mission-style
furniture from quarter-sawn
oak. He can look at a picture
of a desk, draw up a detailed
pattern, and then use the
pattern to make the desk.

Streett's background is in
the military. He received a
bachelor's degree from West
Point and served in the U.S.
Army for twenty-three years.
During this time, he earned a
doctorate in mechanical
engineering at the University
of Michigan, and then re-
turned to West Point, where
he spent fifteen years on the
faculty. In 1978, he retired
from the service with the rank
of colonel and came to
Cornell. At first he was a
senior research associate, but
in three years he became a
full professor and was ap-
pointed associate dean for
research and graduate study.

Some staff members were
nervous when Streett was
named to succeed Everhart,
fearing that the college's
administration would take
an authoritarian turn under
the leadership of a man with a
military background. But this
was not to happen. Streett
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turned out to be, more than
anything, a craftsman and a
humanitarian.

The patient pursuit of
pragmatic goals marked much
of Streett's term of office,
which bridged one of the
most momentous events of
recent times: the end of the
Cold War. Initially, he devel-
oped a "master plan" to revi-
talize the college's infrastruc-
ture. This ambitious project
would have surrounded the
engineering quad with new
and improved buildings. And
a part of this construction
program was carried out;
Olin Hall was thoroughly
remodeled, two floors were
added to Upson Hall, and the
Engineering and Theory
Center Building was erected.

But when the Soviet bloc
collapsed, Streett immedi-
ately saw how this change in
the world order would affect
the College of Engineering.
For forty-five years, fear of
communist expansion had led
to federal expenditures for
every kind of research that
might have implications,
however indirect, for national
defense. Before the Cold
War, engineering colleges
had concentrated on training
good engineers, and when the

Berlin Wall came tumbling
down, Streett decided that
this had better become a
priority once again. "In the
future," he said in a recent
interview, "universities will be
judged not only on the qual-
ity of their research and
graduate programs, but in-
creasingly on how well they
prepare young women and
men, at the undergraduate
level, to go out and address
the technological, economic,
social, and cultural problems
that confront our society."

Streett realized that engi-
neering, as a profession, had
arisen in the eighteenth and
nineteenth centuries to meet
the needs of the military, and
that engineering education
had remained a kind of boot

camp. He also realized that a
person does not have to be
tough as nails to be a good
engineer, and that women
and underrepresented mi-
norities must be drawn into
the profession. So he set
about humanizing the college
and the curriculum. He asked
all faculty members, regard-
less of rank, to serve as advi-
sors, and he instituted a one-
credit freshman course that
brought students and their
advisors together once a week
so that they could get to
know each other. He presided
over the breaking up of large,
impersonal introductory
courses into small sections
where students could get a
larger measure of individual
attention. He instituted a

, HIGH PRESSURE
CONTROL
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communications program, to
help engineers develop better
writing and speaking skills.
He set up an office to deal
with the special problems that
women must confront as they
enter a profession that has
previously been a male pre-
serve. He established annual
awards to recognize those
who excel in teaching and
advising, and he urged the
donors of new endowed
chairs to make excellence in
teaching a prerequisite for
appointment to these
professorships.

"We must continue to
challenge our students
through a rigorous and de-
manding program," Street
has said, "but we must also
reach out to them and help
them feel connected. That
has not been a tradition in
engineering, but it has to
become one."

It is a tradition that is now
well underway, having been
crafted patiently, one step at a
time, during Streett's years as
dean.—DP
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FACULTY PUBLICATIONS

Current research activities in the
Cornell College of Engineering are
represented by the following publica-
tions and conference papers that
appeared or were presented during the
four-month period May through
August 1993. (Earlier entries omitted
from previous Quarterly listings are
included here with the year of publica-
tion in parentheses.) The names of
Cornell personnel are in italics.

AGRICULTURAL
AND BIOLOGICAL
ENGINEERING
Chandler, D. G., T. S. Steenhuis, J.-
Y Parlange, and B. Bierck. 1993.
Unstable fingered flow of water
through oil in porous media.
Paper read at 1993 Spring Meet-
ing, American Geophysical Union,
24-28 May 1993, in Baltimore,
MD. Abstract in EOS 74(16):150.

Jevremovic, D., T. S. Steenhuis, J.-Y.
Parlange, and B. Bierck. 1993.
Fingered flow patterns at low
infiltration rates. Paper read at
1993 Spring Meeting, American
Geophysical Union, 24-28 May
1993, in Baltimore, MD. Abstract
in£OS74(16):149.

Roth stein, E., T.Janushek, M.
Bodnar, T. S. Steenhuis, and W. E.
Sanford. 1993. Density stratifica-
tion in rock-reed filters. Paper
read at 1993 Spring Meeting,
American Geophysical Union, 24-
28 May 1993, in Baltimore, MD.
Abstract in EOS 74(16):146.

Sanford, W. E., J.-Y. Parlange, and
T. S. Steenhuis. 1993. Hillslope
drainage with sudden drawdown:
Closed form solution and labora-
tory experiments. Water Resources
Research 29(7):21B-21.

Sdker, J. S., L. Graff, and T. S.
Steenhuis. 1993. Non-invasive time
domain reflectometry moisture
measurement probe. Soil Science So-
ciety of America Journal 57:934—36.

Surface, J. M., J. H. Peverly, X S.
Steenhuis, and W.E. Sanford. 1993.
Effect of season, substrate compo-
sition, and plant growth on landfill
leachate treatment in a constructed
wetland. In Constructed wetlands for
water quality improvement, ed. G.
A. Moshiri, pp. 461-72. Boca
Raton, FL: Lewis Publishers.

Van de Giesen, N. C , and T S.
Steenhuis. 1993. Hydrology of
upland valleys in Rwanda. Paper
read at 1993 Spring Meeting,
American Geophysical Union, 24—
28 May 1993, in Baltimore, MD.
Abstract in EOS 74(16):146.

APPLIED
AND ENGINEERING
PHYSICS
Bilderback, D. H. 1993. Production
of 0.1 to 5 micron diameter x-ray
beams and their application to x-
ray crystallography. Paper read at
International Union of Crystallog-
raphy meeting, 21-29 August
1993, in Beijing, China.

. 1993. X-ray diffraction and
fluorescence applications with
submicron beams made with glass
capillary optics. Paper read at
Microbeam Analysis Society
meeting, 11-16 July 1993, in Los
Angeles, CA.

Brock, J D., D. A. DiCarlo, W J .
Podulka, M. Sutton, E. Sweetland,
and R. E. Thome. 1993. Structure
and kinetics of the sliding Ql
CDW in NbSe3. Journal de Phy-
sique IV, Colloque 2 3:115.

Carr, E. C , and R. A. Buhrman.
1993. Role of interfacial nitrogen
in improving thin silicon oxides
grown in N2O. Applied Physics
Letters 63:54-56.

Ghislain, L. P., and W. W. Webb.
1993. Scanning force miscroscope
using an optical trap. Optics Letters
18(19):1678-80.

Maher, M. P., S. Ramakrishna, D.
A. DiCarlo, T. L. Adelman, V.
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