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A Long Look
at Mechanical Engineering

Cover Illustrations

Outside, clockwise from upper left: the
Centennial Logo of the American Society
of Mechanical Engineers; the dynamo
room of the Pearl Street station—the first
(1882) electric lighting facility in New
York; a Boulton and Watt steam engine
model housed at Cornell; a NASA swirl
can module for gas turbine combustors
of the type under study at Cornell; ex-
haust fans for an atmospheric wind tunnel
in Grumman Hall at Cornell.

Frontispiece: Illustrations of Sibley Col-
lege, Cornell University, as printed on
the cover of the Scientific American of
October 11, 1890. Sibley Hall is the build-
ing with the smokestack (the dome and
East Sibley had not yet been built). The
buildings (no longer extant) in the fore-
ground of the top view housed the me-
chanical laboratory, foundries, a forge,
the dynamo room, shops, storerooms, and
(at far left) the famous tangent galvanom-
eter. Except for Morse Hall (at far
right), which burned, the other structures
still stand. The quadrangle is now the site
of the College of Arts and Sciences. The
circular inset shows Thurston's residence.

Inside back cover: A modern view of
Sibley Hall

This issue had its inception in the approaching centennial of the American Society
of Mechanical Engineers. Cornellians have a special interest in the history of that
society, for it is closely associated with the history of mechanical engineering here.
Robert Henry Thurston, the first ASME president, was also largely responsible for
laying the foundation of Cornell's strength in mechanical engineering; we wished to
explore that relationship, and consider in a wider context the concurrent and ensu-
ing growth of mechanical engineering in the universities and in professional practice.

Mechanical engineering has undergone considerable change over the past
century. From its beginnings in this country, the discipline has had two main
branches—machines and energy systems—and in some respects these traditional
areas still exist. The steam engine and materials technology were Thurston's main
interests; today energy-producing machines and materials science are still impor-
tant. Yet the field is immensely more extensive and complex today. Could Thurston
have imagined today's huge aeronautics and aerospace industry? Or nuclear power
plants? Did anyone a century ago foresee the decline of steam-powered transpor-
tation and the current problems caused by a dependence on petroleum? Bart Conta,
in his article in this issue, discusses the "watershed" years of 1850 to 1900 and
the continuing effects of changes in science and technology that occurred then.
In putting together this issue, we came to appreciate that we are today at the
beginning of another "watershed" period. The era of seemingly ever-abundant
energy is gone, and the new directions that society will take remain to be seen.

What is the role of mechanical engineers in the events of the next several
decades? In particular, what is the place of university-based research in the huge
and complex technological scene? Frank Moore, in his article here, suggests that
the most valuable contribution of university people (beyond, of course, the primary
function of educating practitioners) is in the origination of technical ideas that
will be of help in a changing world—ideas independently conceived and inves-
tigated. The activities of our Cornell mechanical engineering professors abundantly
illustrate the point. There is Ed Resler, proceeding independently, in a university
laboratory, to find practical ways of reducing automobile emissions without sac-
rificing engine efficiency. There is Fred Gouldin, devising scientifically based means
of increasing turbine engine efficiency. There is K. K. Wang, applying basic sci-
entific study to the development, with Cornell and industrial collaborators, of in-
jection molding techniques. Our Vantage section is full of examples of university
people developing original ideas in scientifically sound and independent ways.

In this centennial year, we salute mechanical engineers—those in practice and
those in the universities. They have accomplished much in the past century, and they
have much to do.-G.M.



ASME at 100
A Reflection on the Founding
and on a Favorite Founder

by Donald F. Berth

The postmark was Syracuse. The date,
18 January 1880. The writer, John
Edson Sweet. The addressees, some
fifty prominent mechanical engineers.
The subject, the possibility of organi-
zing a society of mechanical engineers.
The contents:

// having been suggested by several
prominent engineers that a national as-
sociation of mechanical engineers would
be desirable, and a meeting for the pur-
pose of taking steps to organize such a
society being in order, your presence is
hereby requested at the office of the
American Machinist, 96 Fulton Street,
New York, the sixteenth day of February,
1880, at 1 o'clock sharp, at which time
the necessary steps for organizing such
an association will be made.

Any inquiries in regard to the meeting
will be cheerfully answered.

Please avoid allowing this to be made
public.

Some thirty engineers showed up for
that February 1880 meeting that marked
the formal beginning of the American
Society of Mechanical Engineers. This
was the third professional engineering
society in the United States; only the
civil engineers, who organized in 1852,

This bronze high-relief portrait of Robert
Henry Thurston, now in the Thurston
Hall foyer, was executed in 1908 by
Hermon Atkins MacNeil. A replica was
hung in the ASME office in New York.

and the mining engineers, who formed
their society in 1871, preceded the
mechanical engineers. The following
April, Robert Henry Thurston was
elected the society's first president.

The founding of ASME is of special
interest to engineering alumni and
friends of Cornell University, for the
development of the society and the de-
velopment of mechanical engineering
at Cornell have some history in com-
mon. John Edson Sweet, who wrote
that invitation to the organizational
meeting of the society, had been a pro-
fessor of the mechanic arts at Cornell.
And Thurston, the first president of the
society, became, five years later, the
director of Cornell's mechanical engi-
neering college. As the centennial of
ASME approaches, it is fitting for
Cornellians to reflect on the ties be-
tween this professional society and
their university, and in particular on the
contributions Thurston made to both.

A NEW SOCIETY
FOR A NEW ERA

The advent of the ASME came near
the beginning of a remarkable period



Thurston Sweet

Cornell professors Robert Henry Thurston
and John Edson Sweet were among the
organizers and founders of the American
Society of Mechanical Engineers.

of growth of American technology. The
country had felt the impact of the 1876
Centennial International Exhibition in
Philadelphia, which signaled the grow-
ing significance of mechanical tech-
nology, perhaps most dramatically
represented by that great fair's source
of power in Machinery Hall—the huge
Corliss engine. The production of en-
ergy required for mining, railroading,
and warfare (during the American Civil
War) had raised the value of mechan-
ically oriented engineering talent. The
growing importance of the "mechanic
arts" had been recognized in the pass-
age of the Morrill Land Grant Act of
1862, which provided for the establish-
ment of colleges to teach technical and
agricultural subjects. This parallel de-
velopment of mechanical engineering as
a course of study and as a profession
is reflected in the society's choice for
its first president: Thurston had organ-
ized the nation's first mechanical engi-
neering curriculum at Stevens Institute
in 1870.

A key stimulant to the development
of ASME was the periodical American
Machinist, founded in 1877, which

served as host to the society's organiza-
tional meeting. Editor Jackson Bailey
persuaded Sweet, then at Cornell, to
prepare a list of persons to whom in-
vitations should be sent. Sweet enlisted
the help of Thurston, the most prom-
inent mechanical engineering educator
of the day, and Alexander Lyman
Holley, one of the leading practicing
engineers. It was these three men who
compiled the founder list.

In the early years, the society was
small and select. As Monte A. Calvert
reported in The Mechanical Engineer
in America, 1830—1910 (Johns Hopkins
Press, 1967, p. 111), "The ASME was,
like the shop culture it was to supple-
ment, a personal affair, almost a kind
of gentlemen's club." The fact that the
original members and the leaders of
ASME in the early years were among
the most highly regarded individuals in
mechanical engineering brought the
society—and thus the profession—con-
siderable prestige and status. The
growth of the society was far slower
than the growth in the number of me-
chanical engineering graduates, how-
ever. By the end of its first year, ASME

numbered one hundred members, and
even by 1900, there were only about
two thousand. The "democratization"
of ASME did not occur until the second
decade of this century, when member-
ship rose to eighteen thousand, about
one-half of all the practicing mechani-
cal engineers in the country at that time.

CORNELL AND THE RISE
OF MECHANICAL ENGINEERING

It was inevitable that Cornell Univer-
sity would play an important part in
both the academic and professional de-
velopment of mechanical engineering.
The University represented the first suc-
cessful amalgam of "traditional" and
"emerging" education, with its roots in
the past and its vision directed toward
the future. Founder Ezra Cornell and
first president Andrew D. White sought
to create in one institution a merger of
two spirits: the educational heritage of
the European university and the prac-
tical spirit of the American frontier.
Ezra Cornell was a man of the soil and
also an innovator and entrepreneur in
hydraulics, communications, and busi-
ness; it was natural that both agriculture 4



" . . . the ease with which (Thurston) moved
in professional, industrial, and educational
circles distinguished him as a candidate!*

and the mechanic arts should have a
place in the university he established.
The designation of that university as
the Land Grant institution in New York
State facilitated the introduction to its
curriculum of agriculture and the
mechanic arts and made possible the
pioneering development of a diverse
university, which it remains today.

Educational models in agriculture
were hard to come by, and while ulti-
mately Cornell became one of the
world's leaders in agricultural educa-
tion, this did not happen until the end
of the nineteenth century, under the
highly effective leadership of Liberty
Hyde Bailey. Fortunately, the engineer-
ing educational models, though sparse,
were a little farther along at the found-
ing of the University in 1865. The great
impetus in mechanical engineering, how-
ever, came with the arrival of Thurston
in 1885. He accomplished a dramatic
transformation of the relatively primi-
tive and very small mechanic arts pro-
gram into a prominent and successful
division of the young university. In
turn, Thurston's "boys" (almost two

5 thousand of them) brought great credit

to the University, strengthening its rep-
utation in engineering and helping it
attain a prominent position in American
higher education.

THE EDUCATIONAL CONFLICT
BETWEEN SHOP AND SCHOOL

Although Thurston is recognized as the
greatest force in the early development
of mechanical engineering at Cornell
(and a prominent figure in higher edu-
cation in general), Sweet laid the foun-
dation here of practical instruction in
the mechanic arts. He was hired in
1873 by Ezra Cornell, who made his
acquaintance while Sweet was super-
vising the building of a bridge on the
new campus. Like Cornell, Sweet was a
self-made man; he had grown up on a
farm near Pompey, New York, and had
never gone to college. His educational
outlook was simple and straightfor-
ward: he believed in the educational
value of practical training conducted
in the shops, not the classrooms. At the
University, his position was master
mechanic and director of the machine
shops.

Sweet had devoted adherents among

the students, but he made little effort
to communicate with the Board of
Trustees, the administration, or other
members of the faculty. Seeing the drift
toward a more classical educational
model—an emphasis on classroom in-
struction, the acquisition of grades and
credits through Written examinations,
and a lack of funding for the purchase
of shop equipment—Sweet resigned
from the Cornell faculty in 1879. He
proceeded to found the Straight Line
Engineering Company in Syracuse, and
presumably was better able, as a practi-
tioner, to demonstrate his conviction
that a mechanic learned in the shop
those skills that made him an engineer.

Sweet was viewed as the spokesman
of what became known as the "shop
culture." The opposing "school culture"
advocated organized, systematic class-
room instruction complemented by
laboratory experiments designed to il-
lustrate theoretical principles. Its
chief spokesman was Robert Henry
Thurston. Protracted debates between
"shop" and "school" continued during
the first few decades following the
founding of ASME. (And in perhaps



more subtle guise, the issue is still alive:
professors today discuss how to strike
a balance between theory and applica-
tion.) Among the early centers of me-
chanical engineering education, only
Worcester Polytechnic Institute, ini-
tially modeled on the "shop culture,"
attempted to merge the two approaches.
Several small industrial shops were con-
structed on the Worcester campus and
students received practical instruction
under the close watch of the faculty.

THURSTON'S PREPARATION
FOR THE ASME PRESIDENCY

The election of Thurston as the first
president of the ASME was a happy
choice, for while he was the spokesman
of "school culture," no one could claim
that he lacked shop skill or that he
did not know how to apply theory to
practice.

Thurston was born in Providence,
Rhode Island, into a family of manu-
facturers. His father, Robert Lawton
Thurston, manufactured steam engines
—his was the first such company in
New England and the third in the
United States—and maintained a
large machine shop in which the son
early in life acquired his mechanical
talents and instincts. The young Thurs-
ton also knew Providence manufac-
turer George H. Corliss (with whom his
father had a subsequent patent contro-
versy), and Noble T. Green, whose
engines were built by the Thurston firm.
More than anyone else, however, it
was a science teacher at Providence
High School, Edward H. Magill, who
influenced the career of Robert Henry
Thurston. Magill insisted that young
Thurston should receive a college edu-
cation before entering the family busi-
ness, and accordingly in 1856 he was

Early pictures of Robert Henry Thurston
show him (above) on graduation from
Brown University in 1859 and (below) in
1864 during his war service with the
Navy. These photographs were printed in
William F. Durand's biography of Thurs-
ton, published by ASME in 1929.

enrolled at the age of sixteen in Brown
University's freshman class. (Magill
later became president of Swarthmore
College. His daughter became the wife
of Andrew D. White, who, as president
of Cornell University, persuaded Thurs-
ton to accept the Sibley College direc-
torship in 1885.)

At the time Thurston was a student,
Brown's faculty consisted of ten men.
He studied modern languages with
James P. Angell, who later became
president of the University of Michigan,
and he studied mathematics and civil
engineering subjects with Samuel S.
Green. The curriculum in civil engi-
neering at that time was described in
1939 by James P. Adams, Brown's vice
president, at Cornell exercises com-
memorating the centennial of Thurs-
ton's birth. Adams noted that the course
was "the equivalent of one-fourth of a
student's time for a year and a half, and
it gathered together into this segment
of the curriculum some of the elements
of descriptive geometry and mechanics
and hydraulics and pneumatics, appli-
cations of chemistry and mineralogy,
principles of architecture, construction,
surveying and astronomical observa-
tion."

After his graduation in 1859 and un-
til the Civil War broke out in 1861,
young Thurston was employed in his
father's firm. During the war he served
in the Engineer Corps of the United
States Navy, first as supervisor of the
engines on board the U.S.S. Unadilla,
and then as chief engineer on the U.S.S.
Chippewa. He saw combat on both
ships—in the battle of Port Royal,
South Carolina, and later in the siege
of the Charleston harbor. It was during
this period in the Navy that Thurston
began his life-long practice of contrib- 6



uting to professional journals. His first
article, for the Journal of the Franklin
Institute, titled "Strength Combined
with Economy of Material in Construc-
ting the Details of Steam Engines," was
written at Port Royal in September,
1863.

Ultimately, he published some 574
papers, in addition to twenty-one books.
He considered A Manual of the Steam-
Engine (Wiley, 1891) his most defini-
tive work. Other major books included
a three-volume series, The Materials of
Engineering (Wiley, 1883, 1884, and
1884); Volume II, on iron and steel,
went through nine editions. Another
widely used text, A Manual of Steam-
Boilers (Wiley, 1888) was published in
seven editions.

In December 1865, Thurston was
assigned to the Naval Academy at
Annapolis for duty as an instructor in
physics. While at Annapolis, he de-
signed a new form of testing machine
for lubricants. He also published a book
on friction and lost work in machinery
and millwork, and a paper for the
Journal of the Franklin Institute on the
steam engines of the French Navy. An
assignment by the Navy led to another
important paper: when the British iron-
clad Monarch was in the Portland,
Maine seaport, Thurston was ordered
to make a detailed report on her con-
struction, propelling machinery, and
armament. Henry Morton, secretary of
the Franklin Institute and editor of the
Journal, had been commissioned to pre-
pare a report on the Monarch, but when
he discovered that Thurston had already
gathered the information first-hand, he
asked him to write the Journal article
instead. Thurston later credited the
Monarch article and one on "oblique
action of paddle wheels" as the two
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that earned him recognition well be-
yond the boundaries of the Academy.

Morton figured again in Thurston's
career. In 1870 he became the first pres-
ident of Stevens Institute, in Hoboken,
New Jersey, which had been established
with a $600,000 endowment from the
estate of Edwin A. Stevens. The trust-
ees of the will had proposed an institute
of technology, and Morton proposed
that the focus be on mechanical engi-
neering. In 1871 he appointed thirty-
one-year-old Navy officer Robert Henry
Thurston to its first chair.

The Autographic Torsion Testing Ma-
chine patented by Robert Henry Thurston
is now in the mechanics laboratory in
Thurston Hall at Cornell. The plate on the
front of the machine is reproduced below.
A special feature of this machine was its
ability to record a strain diagram by
means of a pencil attached to the pendu-
lum. The motion of the pencil measures
torsional moment, from which tensile
strength of the specimen can be deduced,
and the rotation of a drum carrying the
record paper gives the angle of torsion,
from which ductility can be calculated.
Pratt & Whitney also manufactured
Thurston's Railroad Oil Testing Machine.

THE YEARS AT STEVENS
AND THE ASME PRESIDENCY

When Thurston undertook his work at
Stevens, there was no precedent for an
educational program in mechanical en-
gineering. He proceeded to define and
organize a curriculum (see the table),
write several basic texts, and set up an
experimental laboratory. He designed
laboratory facilities so that he could
provide specimens for use in his lecture
courses on materials and so that the
experimental facilities could be used to
solve industrial problems. (In his biog-
raphy of Thurston, William F. Durand
said that essentially Thurston "invented
the idea that a mechanical laboratory
is an appropriate part of an American
engineering school.") In all these activi-
ties, Thurston's efforts were prodigious,
and so were his accomplishments: he
succeeded in formulating the first com-
prehensive and systematic educational
plan for mechanical engineering educa-
tion. Of course, the timing was right:
the primary industrial development of
the nation was well underway, the
steam engine and other prime movers
were gaining wide usage, and all the



COURSE OF INSTRUCTION IN MECHANICAL ENGINEERING
Robert H. Thurston — July, 1871.

I.
MATERIALS USED IN ENGINEERING.—Classification, Origin, and Preparation (where not

given in course of Technical Chemistry), Uses, Cost.
Strength and Elasticity.—Theory (with experimental illustrations), reviewed, and tensile,

transverse and torsional resistance determined.
Forms of greatest strength determined. Testing materials.
Applications.—Foundations, Framing in wood and metal.
FRICTION.—Discussion from Rational Mechanics, reviewed and extended.
Lubricants treated with materials above.
Experimental determination of ''coefficients of friction."

II.
TOOLS.—Forms for working wood and metals. Principles involved in their use.

Principles of pattern making, moulding, smith and machinists' work so far as they
modify design.

Exercises in Workshops in mechanical manipulation.
Estimates of cost (stock and labor).

MACHINERY AND MILL WORK.—Theory of machines. Construction. Kinematics applied.
Stresses, calculated and traced. Work of machines. Selection of materials for the
several parts. Determination of proportions of details, and of forms as modified by
difficulties of construction.

Regulators, Dynamometers, Pneumatic and Hydraulic machinery. Determining moduli
of machines.

POWER, transmission by gearing, belting, water, compressed air, etc.
LOADS, transportation.

III.
HISTORY AND PRESENT FORMS OF THE PRIME MOVERS.

Windmills, their theory, construction, and application.
Water Wheels. Theory, construction, application, testing, and comparison of principal

types.
Air, Gas, and Electric Engines, similarly treated.

STEAM ENGINES.—Classification. [Marine (merchant) Engine assumed as representative type.]
Theory. Construction, including general design, form and proportion of details.

Boilers similarly considered. Estimates of cost
Comparison of principal types of Engines and Boilers.
Management and repairing. Testing and recording performance.

IV.
MOTORS APPLIED TO MILLS. Estimation of required power and of cost

Railroads. Study of Railroad machinery.
Ships. Structure of Iron Ships and rudiments of Naval architecture and Ship propulsion.

PLANNING Machine shops. Boiler shops, Foundries, and manufactories of textile fabrics.
Estimating cost

LECTURES BY EXPERTS.
GENERAL SUMMARY of principal facts, and natural laws, upon the thorough knowledge of

which successful practice is based; and general resume of principles of business
which must be familiar to the practicing engineer.

V.
GRADUATING THESES.

GRADUATION.
Accompanying the above are courses of instruction in higher mathematics, graphics,

physics, chemistry, and the modern languages and literatures.

mechanical talent that was developed
could easily be absorbed. The fourteen
years that Thurston spent at Stevens
were a seminal period in mechanical
engineering education in the United
States, and he was the recognized leader.

In 1878 his wife, Susan, died, and
this, coupled with the demanding pace
he had always set for himself, led to
a nervous breakdown. In the spring of
1879 he entered a sanitarium in Dans-
ville, New York, and remained under
treatment there for slightly more than
a year. During that time, he became
acquainted with Leonora Boughton,
and on the day of his discharge they
were married. His career resumed; he
returned to his duties at Stevens that
October. In November he presided at
the first ASME meeting, which was
held at the Institute, and was reelected
for a second one-year term as president
of the new society.

It is interesting that a comparatively
young man—he was only forty-one at
the time—who was principally an ed-
ucator had been chosen as ASME's
first president. There were many senior
and conspicuous practitioners to which
that honor could have gone. Thurston's
background experience as a "mechanic"
may have been a factor, along with his
substantial record of publications in
learned and popular journals. Certainly
the ease with which he moved in pro-
fessional, industrial, and educational
circles distinguished him as a candidate.

Left: This course of instruction, devel-
oped by Thurston for the Stevens Institute
of Technology, became the basis for me-
chanical engineering education. Thurston
subsequently wrote definitive texts for
many of the topics indicated. (From Sci-
entific American, vol. 17, p. 6905, 1884.)



WHAT THURSTON DID
FOR CORNELL

After fourteen years at Stevens, Thurs-
ton was attracted to Cornell by Presi-
dent Andrew D. White. At that time,
the University's Sibley College of the
Mechanic Arts was languishing. The
quality of its shop program had de-
clined with the departure of John Edson
Sweet in 1879. The primitive mechani-
cal engineering program was eclipsed
by the one in civil engineering, under
the vigorous leadership of Estevan

Antonio Fuertes. John Morris, the
Sibley director, appeared to lack the
drive, skills, and imagination required
to take the program to a new level of
activity and vigor. It was generally felt
that the College was hardly meeting the
opportunities then opening in the field
of advanced technical education.

The Cornell Board of Trustees ap-
pointed a "Committee of Revision of
Sibley College" in June 1884, and one
year later Cornell had found its solu-
tion: Robert Henry Thurston was
unanimously elected professor of me-

Mechanical engineering at Cornell in
Robert Thurston's day is reflected in these
old pictures. At top is Thurston lecturing
on thermodynamics in West Sibley Hall
near the turn of the century. The wood-
cut illustration below (from the October
11, 1890 cover of Scientific American)
shows the Sibley College machine shop,
which was housed in a wood frame build-
ing at the rear of Sibley Hall. The shop
building was torn down some years ago
when Mechanical Engineering moved to
its current facility, Upson Hall.

chanical engineering and director of the
renamed Sibley College of Mechanical
Engineering and the Mechanic Arts.
This was the last major appointment
secured by the founder president,
White, who tendered his resignation at
the same meeting. The appointment of
Thurston turned out to be one of the
key decisions that helped ensure Cor-
nell's future reputation as one of the
nation's great universities.

The results of Thurston's eighteen-
year leadership at Cornell are convinc-
ingly demonstrated by statistics. When
he came, there were seven faculty mem-
bers and sixty students in the Sibley
College. At his death, in 1903, there
were forty-three faculty members and
nine hundred sixty students; 30 percent
of the University's total undergraduate
enrollment was in the Sibley College.
Even more important, though, was the
eminence he brought to the University
during his period of service. He made
the "Cornell idea"—the blending of
traditional and professional studies—a
reality.

One of his specific accomplishments
was to integrate mechanical engineering



Figure 1. Undergraduate enrollment in
Cornell's Sibley College of Mechanical
Engineering and the Mechanic Arts during
Robert Henry Thurston's tenure as di-
rector. From a total of three graduates
in 1885, when he was appointed, the
number of Sibley graduates rose steadily
(except for a dip coinciding with the
Panic of 1898) to 157 the last year of
his life. The percentage of Cornell under-
graduate degrees awarded by Sibley Col-
lege rose from less than 5 percent in 1885
to more than 30 percent in 1903. Grad-
uate degrees granted by the Sibley Col-
lege also increased markedly during this
period. The largest percentage was
reached in 1893, when more than 30
percent of all Cornell graduate degrees
were awarded to Sibley students.

and the emerging field of electrical en-
gineering into a strong educational pro-
gram that included an innovative
professional graduate degree curricu-
lum. Thurston worked with physics
professor William Anthony to supple-
ment that department's courses in elec-
trical engineering (Anthony and Sibley
alumni George Moler and Harris J.
Ryan had been the program for some
ten years), and then, in 1889, when
Anthony left the University, the center
of gravity in electrical engineering
moved to Sibley with the appointment
of Ryan as an assistant professor there.
Sibley College soon became one of the
nation's great centers for both mechani-
cal and electrical engineering education.

Another of Thurston's strong points
was his ability to attract and help de-
velop a good faculty. Among the men
who came to Sibley during Thurston's
directorship and became preeminent
educators were the following:
• William F. Durand, professor of
marine engineering at Cornell from

1892 to 1905, who became head of
mechanical engineering at Stanford
University, a post he held for twenty-
four years.
• Harris J. Ryan, appointed in 1889 as
an assistant professor of electrical en-
gineering at Cornell, who also left in
1905 to head a department at Stanford.
He led the program in electrical engi-
neering there for twenty-six years.
• Dexter S. Kimball, appointed in
1898, who offered the nation's first
classroom courses in "works adminis-
tration," the forerunner of a curriculum

in industrial engineering. He later
served as the first dean of engineering
at Cornell from 1921 to 1935.
• Herman Diederichs, appointed in
1899, who later became director of the
Sibley School of Mechanical Engineer-
ing and then, in 1935, dean of the Col-
lege of Engineering. (He died a year
later.)

RECOGNITION
AND REMEMBRANCE

This centennial year of ASME is an
appropriate time to recall the contribu-
tions of its first president to the pro-
fession of mechanical engineering. To a
great extent, those contributions were
tied to the development of educational
programs in the field of mechanical
engineering, and to the underlying litera-
ture for the field. At Cornell Uni-
versity we take special pride in his
work here and acknowledge a special
debt of gratitude to him for his sig-
nificant part in the shaping of our
university.

Others have expressed similar senti-
ments before. In a tribute shortly after
Thurston's death (on his sixty-fourth
birthday, 23 October 1903), Cornell's
emeritus president Andrew D. White
said:

Few days in the history of Cornell Uni-
versity have been so fraught with good
as that on which Thurston accepted my
call to the headship of Sibley College. At
the very outset he gained the confidence
and gratitude of trustees, professors, stu-
dents, and indeed, of his profession
throughout the country, by his amazing
success as professor, as author, as an
organizer and administrator of that de-
partment, which he made not only one
of the largest, but one of the best of its
kind in the world. The rapidity and wis- 10
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dom of his decision, the extent and ex-
cellence of his work, his skill in attracting
the best men, his ability in quieting rival-
ries and animosities, and the kindly firm-
ness of his whole policy were a source
of wonder to all who knew him.

And in 1939, at that centennial ob-
servance of Thurston's birth, Durand
summed up his former colleague's
eminence:
In the shuffling of human characteristics
by the Fates, only too rarely do the com-
binations give us a man such as was
Dr. Robert Henry Thurston. We shall not
soon look upon his like again.

Donald F. Berth has served the College
of Engineering in a number of capacities
since he joined the staff in 1962 as ad-
ministrative assistant to the dean. He has
been director of college relations and was
the first director of the Engineering
Advising and Counseling Center. He
founded this magazine in 1966 and was its
editor until 1972. Currently the director
of engineering development, he also

Donald F. Berth (at right) was assisted
by Craig T. Dunham in the literature
search and data acquisition and compila-
tion for this article. Here they examine a
model, now housed in Upson Hall, of a
Boulton and Watt engine of about 1800.
Dunham was graduated from Cornell in
1978 at the top of his class in mechanical
and aerospace engineering, and received
a master's degree in business administra-
tion from the University last spring.

teaches a course on technical entrepre-
neurship. He serves as co-director (with
Richard H. Lance) of the Engineering
Cooperative Program, which coordinates
the academic programs and work assign-
ments of more than 165 upperclass stu-
dents in sixty industries and businesses.

Among the professional organizations
to which he belongs are the Society for
the History of Technology, the New co-
men Society in North America, and the
American Society for Engineering Educa-
tion. His interest in history has led him to
write or collaborate on a number of ar-
ticles for this magazine, including a his-
tory of engineering at Cornell, published
in 1971 in a special issue marking the
centennial of engineering education at the
University; the centennial of electrical
engineering at Cornell in 1976 was the
occasion for another such article. In the
summer of 1975, the Quarterly printed
his study of John McMullen, who en-
dowed the College with a scholarship fund
that has supported thousands of students.

A native of Massachusetts, he holds
the bachelor's and master's degrees in
chemical engineering from Worcester
Polytechnic Institute. He has also done
graduate work in the administrative and
social sciences at Cornell and Harvard
Universities.



A PERSPECTIVE ON THE STEAM ENGINE

by Dennis Shepherd

There is a saying in engineering that
thermodynamics owes more to the steam
engine than the steam engine owes to
thermodynamics. Certainly the inven-
tion preceded the scientific study needed
to explain its success. One might even
postulate that if entropy had been in-
vented before the steam engine, the In-
dustrial Revolution would have been
greatly delayed, immobilized like the
fabled centipede who starved to death
because it was unable to figure out
which leg should move first.

Of course, one must not underesti-
mate the degree of rational analysis
that contributes to significant inven-
tions. Careful thought and thorough ex-
perimentation preceded the landmark
patenting of the separate condenser by
James Watt in 1769. Watt also recog-
nized the principle of the expansive
power of steam; one of his assistants
devised the steam engine indicator that
provided the diagram from which pis-
ton work could be clearly obtained, thus
contributing to the nineteenth century
theoretical developments of Carnot,
Rankine, and Clausius. Still, Watt was
not a scientist and had no formal aca-

demic training. In fact, the whole de-
velopment of the steam engine was
carried out largely by "unlettered engi-
neers" from Newcomen in the early
1700's, through Trevithick in the early
1800's, even up to Corliss toward the
end of the nineteenth century, when the
decline of the steam engine had been
signalled. Carnot's Reflections on the
Motive Power of Heat was not pub-
lished until 1824 and, indeed, the exact
relationship of heat and work was not
precisely established until Joule's work
of the mid-century. The general princi-
ple of conservation of energy in all
forms was advanced, by Helmholtz,
still later.

An earlier example of technology
leading to fundamental understanding
is Galileo's attempt to explain the limi-
tations of vacuum pumping. The use of
vacuum, produced either mechanically
or by the condensation of steam, was
known, but when Italian engineers at-
tempted to use such a system to raise
water from a depth of fifty feet, they
failed, and Galileo was asked to help
explain the phenomenon. He could
only reply that Nature's abhorrence of

a vacuum stopped at twenty-eight feet,
but he was stimulated to investigate
beyond this unsatisfying statement. Al-
though he died before he solved the
problem, his pupil Torricelli continued
the study, which established the rela-
tionship between atmospheric pressure
and weight of air, led to the develop-
ment of the mercury barometer, and
demonstrated the limit of the power of
a vacuum.

Many such discoveries of human per-
ception and early science are part of
the history of the steam engine, as they
are of most significant innovations.
From our vantage today we can dis-
cern the elements that ultimately yielded
the machine that was a necessary, if
not sufficient, ingredient of the indus-
trial age.

MACHINE POWER FOR
THE INDUSTRIAL AGE

The steam engine as a prime source
of power may be said to begin in 1698
with Thomas Savery's patent on pump-
ing water by fire and to end in 1908
with Johann Stumpf's perfection of the
uniflow engine at a time when the steam 12
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turbine and the internal combustion en-
gine were making significant intrusions
into a hitherto unchallenged field. There
were many progenitors, of course—
Papin's use of condensing steam with
the piston-and-cylinder concept and the
Marquis of Worcester's engine, for in-
stance—but Savery's device, which was
adapted only to the direct pumping of
water, was the first to get beyond the
experimental model stage and actually
be sold for everyday use. It used heat
to raise steam which was then con-
densed, and the subsequent vacuum

pumped up water which was in turn
raised to a further height by the steam
pressure acting directly upon it. A con-
tinuous process was obtained by having
two parallel vessels with alternate op-
eration, as shown diagrammatically in
Figure 1. Although accepted as a prac-
tical device, Savery's engine was not
adopted to any great degree because it
was dangerous (steam pressures were
too high for the materials and manufac-
turing techniques of the time) and ex-
tremely inefficient (it required external
cooling of the whole working vessel

Figure 1. Diagrammatic representation of
a Savery engine. The operation is in two
sequences:

Sequence I. Steam is admitted through
valve E and forces water upward through
A to the delivery pipe. When the con-
tainer is empty, E is shut and the con-
tainer is externally cooled by water; the
resulting vacuum draws water through B
to complete the cycle.

Sequence II. When valve E is shut, valve
F is opened and a process similar to Se-
quence I occurs on the right-hand side.

Below: Two views of a Savery engine are
depicted in this contemporary (1698)
drawing. The sketch at right includes the
boiler. (Science Museum, London.)



Figure 2

Figure 2. Diagrammatic representation of
a Newcomen engine. In the operation, the
downward power stroke is provided by the
difference between atmospheric pressure
and the vacuum produced when the steam
is condensed in the cylinder by external
cooling. The return stroke is caused by
the greater weight of the pump rod at the
left. Air left in the cylinder is removed
by the snifting valve.

in every cycle). Nevertheless, it served
as a demonstration of a viable steam
prime mover.

The pumping of water was a prime
application for a mechanical power
source; mines, in particular, were in
need of help from an engine. For some
two thousand centuries, the only non-
animal or nonhuman sources of power
had been the water wheel, which was
severely limited in location, and the
windmill, a device capable of more
widespread siting but only intermit-
tently operable, usable amounts of en-
ergy being unavailable by the hour,
sometimes by the day, and to some
extent by the season. The steam engine
changed all this, and for the first time
a prime mover went to the job and not
the job to the prime mover. It is not
surprising that following Savery's de-
finitive demonstration that steam could
be used to raise water, the next big
contribution came from a man con-
cerned with the then-flourishing tin and
copper mining industry in Cornwall,
Thomas Newcomen.

Newcomen is usually called an in-
ventor, and so he was, in that his corn-
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plete engine was innovative. But all the
basic elements were at hand—the con-
cept of obtaining a vacuum by con-
densing steam, the piston-and-cylinder
concept of Papin for utilizing this vac-
uum, and the mechanical pumping of
water by reciprocating action—and
Newcomen drew on these and other
contributions of his predecessors. His
genius lay in his logical thinking, his
knowledge of materials, and his ability
to find simple and straightforward so-
lutions to the problems of combining
given elements into a reliable system

capable of continuous operation at what
were at that time large levels of power.
Newcomen was without formal techni-
cal education in the discipline—he
started his career as an ironmonger—
but he was, in fact, an engineer, and
he practiced design at the highest level
of his time.

His engine, shown diagrammatically
in Figure 2, produced power by utilizing
the difference between atmospheric
pressure on the top of the piston (hence
the title of atmospheric engine) and the
best vacuum pressure that could be pro- 14
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duced by the cooling of steam within
a container. The engine itself was sepa-
rated from the pump action via the
large oscillating beam, and the cooling
was achieved by internal injection of
water directly into the cylinder (a new
mechanism). Since the return stroke
upward was effected by the greater
weight of the pump rod, the steam
pressure was used only for the working
stroke and needed to be just slightly
greater than that of the atmosphere.
Most of the big mines in Britain were
equipped with Newcomen engines in

a very few years after the first one was
built in 1712. The introduction of these
engines greatly improved and extended
the practice of mining because the ca-
pability of removing water in large
quantities allowed existing mines to be
worked at deeper levels and many new
ones to be opened. Newcomen died in
1729, but his atmospheric engines con-
tinued to be made for at least another
half-century before becoming obsoles-
cent with the introduction of Watt's
separate condenser.

The Newcomen engines, although

Left: A 1717 drawing by Henry Beighton
depicts a Newcomen engine, probably at
Oxclose, England. (Science Museum,
London.)

thoroughly reliable, were inefficient
(see the table on page 17), and sig-
nificant improvements were made in
subsequent years. These were devised
by John Smeaton, another of the great
technical men of the eighteenth century,
who became known as much for his
civil engineering work in water control
(canals, drainage systems, locks, and
weirs) and in structures (bridges and,
of course, his most famous work, the
Eddystone Lighthouse on the English
Channel), as for his work in prime
movers. His career is curiously parallel
to that of his contemporary, James
Watt; both were trained in instrument-
making and developed great manual
skill, and both had the intellectual
qualities needed to analyze a problem,
review the state of the art, synthesize
a possible solution, and then experi-
ment to obtain an optimum result. The
main difference between them was that
while Smeaton was intensely active in
a very wide range of engineering prob-
lems, Watt confined himself to one
major area, that of the steam engine.
Smeaton became a very well-known
consultant in continental Europe as
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Figure 3. Diagrammatic representation of
a Watt engine. The operation is very
similar to that of the Newcomen engine,
but steam is admitted by valve A from
a jacket surrounding the cylinder, and
external condensing of the steam is ac-
complished in a separate container. Pump
and condenser are shown at B as a com-
bined unit for simplicity.

Left: This Boulton and Watt rotative
beam "lap" engine dates from 1788.
(Crown Copyright. Science Museum,
London.)

well as in Britain, and he has been
called the first of a new breed, the pro-
fessional engineer. His most enduring
achievement (along with the Eddy-
stone) was his establishment of model-
testing in engineering and of very
careful quantitative experiment and
performance analysis of all the prime
movers of his time—water, wind, and
steam. He succeeded in roughly dou-
bling the efficiency of the Newcomen
engine (see the table) and deserves to
be included among the pioneers of the
steam engine.

WATT AND THE INDUSTRIAL
SUCCESS OF HIS ENGINE

And now we come to Watt himself, the
father of the steam engine if we call
Savery the great grandfather and New-
comen the grandfather. His is a house-
hold name; probably Watt will be
forever credited with inventing the steam
engine while watching a kettle of water
boil on the stove. He made a series of
diverse and important contributions,
both thermodynamic and mechanical,
but the major one was the invention of
the separate condenser, which is consid-
ered to be the greatest single improve-
ment ever made in the steam engine.
The elimination of the tremendous loss
of thermal energy caused by cooling
the whole cylinder by water injection
at every working stroke doubled the
engine efficiency and established for
all time the overriding importance of
avoiding all such losses. A diagram-
matic representation of the basic Watt
engine with separate condenser is
shown in Figure 3.

Watt was employed as an instrument
maker at Glasgow University when he
got the idea for the separate condenser;
he was given a model atmospheric en- 16
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gine to repair and came to reflect on
the reasons for its very great steam
consumption. Although he had no
training in science, his intelligence and
inquiring mind earned him the respect
of both students and faculty members
at the university. John Robison, one
of the former who became one of the
latter, is recorded as having remarked
that in Watt he saw a workman but
found a philosopher (presumably in its
older meaning of a rational scientist).
Watt was always able to appreciate and
utilize scientific principles. For exam-
ple, his scientific outlook led to his es-
tablishment of the horsepower as a
general and standardized unit of power,
in place of the "duty" of an engine
expressed as the raising of so many
gallons of water by so many bushels
of coal "of good quality." He learned
about latent heat from its discoverer,
the chemistry professor Joseph Black
(although this knowledge did not lead
him to the separate condenser concept
as such). These characteristics of Watt,
in conjunction with his model-making
skill and appreciation of experimenta-
tion, led him not only to his years of
continual invention but also to the
friendship and respect of learned men
everywhere. Among these were mem-
bers of the illustrious Lunar Society
of Birmingham, to which Priestley
belonged.

Watt's work on the separate conden-
ser was carried out in his own workshop
and he employed several workmen. This
cost money, and in return for support,
he assigned an interest in his patent of
1769 to an industrialist, John Roebuck.
Proper exploitation was prevented, how-
ever, by Roebuck's financial troubles.
Then Watt came in contact with Mat-
thew Boulton and there developed one

Table I

THERMAL EFFICIENCY OF STEAM ENGINES, 1712-1898

Engine Type

Original Newcomen

Newcomen-Smeaton

Watt Condensing

Watt Expansive

Woolf Compound

Cornish (typical)

Cornish (best)

Triple Expansion

Quadruple Expansion,
Regenerative Cycle

Date

1712-1750

1767-1774

1776

1792

1816

1834

1838

1885

1898

Overall
Thermal
Efficiency

0.5-0.66

0.8-1.4

2.35

4.5

7.5

7.4

10.3

14.1

22.4

The values of thermal efficiency are necessarily very approximate in many cases,
particularly those of the early engines, because of imprecise testing. Values
cited have been culled from a number of sources; some represent an average of
quoted values. Figures for "duty" of the early engines have been converted to
efficiencies by using 12,000 BTU/lb. for the heating value of coal.

of those felicitous associations in which
two outstanding individuals form a sym-
biosis that yields much richer results
than either would have achieved alone.
(One thinks of the parallel association of
Gilbert and Sullivan, which had less far-
reaching social significance, perhaps,
but which was equally successful in its
own realm. A difference between the
two pairs of collaborators is that Watt
and his partner maintained a lifelong
mutual respect and friendship, in con-
trast with the antagonism that arose be-
tween Gilbert and Sullivan.) Boulton,

a manufacturer of Birmingham, had
considerable insight into the imminence
of industrial development and had nu-
merous contacts throughout the coun-
try. He was a man of lively intelligence
with an interest in science, and he fully
appreciated the significance of Watt's
invention even before he took over
Roebuck's interest in 1773 as settle-
ment for debts.

Boulton's entrepreneurial skill com-
plemented Watt's analytical and design
talents. From all accounts, one is led to
think that Watt was conservative and



' 'One might even postulate that if entropy
had been invented before the steam engine,

the Industrial Revolution would have been greatly delayed'

deliberate in his outlook and particu-
larly in his attitude to his work; it is
reported that following his apprentice-
ship as an instrument maker, he was
deemed to excel his fellow workman
"except perhaps in speed." Boulton
urged Watt to obtain a twenty-five-
year extension of the patent on his
engine with external condensing, and
then immediately afterward persuaded
him to design two large engines to prove
the efficacy of the idea. Watt himself
would have preferred, in his own
words, "to make haste more slowly"
through further experimentation. In
1775 Boulton took him into partner-
ship arid Watt moved to Birmingham.
The two engines were immediately suc-
cessful when installed in 1776; they
doubled the efficiency of the improved
Smeaton engine (see the table). For
the next twenty-five years, the steam
engine was Boulton and Watt, Ltd.

It is difficult now for us to appreciate
the spread of the Industrial Revolution
in those years. The inventions of Ark-
wright, Hargraves, and Crompton that
revolutionized textile manufacture
brought an immediate need for power,

but the rapidity of the change that oc-
curred stretches the imagination. There
was no form of telecommunication and
travel was by horseback, stagecoach, and
sailing vessel, yet knowledge seemingly
spread overnight. In the quarter-century
following the two engines of 1776, some
five hundred Boulton and Watt engines
were built, mostly for the textile indus-
try. The first steam-powered flour mill,
heralding the rapid decline of the wind-
mill, was installed in 1784, and the
following year the first steam-powered
spinning mill began operation.

DEVELOPMENTS DURING
THE SUPREMACY OF WATT

While the separate condenser, together
with steam jacketing of the cylinder,
was the masterstroke in improving the
steam engine, Watt contributed much
more, including the double-acting en-
gine in which steam acted alternately
on both sides of the piston, introduc-
tion of the parallel motion which was
necessitated by this, the successful ap-
plication of the centrifugal or fly-ball
governor, the rotating engine (another
hustling by Boulton), and the sun-and-

planet gear to replace the crank. All of
these were major achievements.

There is argument about whether the
long extension granted to Watt's origi-
nal condenser patent to the year 1800
helped or hindered the development
and use of the steam engine. Com-
petition was virtually stopped and tech-
nical advancement may have suffered.
In particular, Watt refused to allow the
use of steam pressure greater than a
few pounds per square inch above
atmospheric. His reason was a concern
for safety, although he and Boulton may
have been rationalizing in their own
commercial interest, since such a lack
of enterprise in technical development
seems uncharacteristic of either of
them. Although Watt was well aware
of the expansive property of steam,
which would permit the cutoff of ad-
mission early in the piston stroke, his
engines were unable to make significant
use of this property because of the low
admission pressure.

It must be remembered also that two
hundred years ago the performance of
engines was handicapped by inaccurate
machining. On one occasion, Watt was 18



happy to have one of his cylinders come
within three-eights of an inch of being
truly cylindrical. In 1774 a new kind of
boring mill with a rigid center bar was
patented by John Wilkinson (for whom
one of the two prototype Boulton and
Watt engines was made), and this
proved to be a very valuable improve-
ment, but even so, its capability was
limited to a deviation from absolute
truth of no more than the "thickness
of a sixpence" (about that of a dime)
for a cylinder 72 inches in diameter.
Noise and vibration from unbalanced
components was considerable in these
engines; in contrast, an engineer today
is not satisfied with the performance of
a steam turbine unless he can balance
a coin edgewise on the casing.

ADVANCES IN THE STEAM
ENGINE AFTER WATT

The expiration of virtually all Watt's
patents in the year 1800 let loose a
surge of innovative talent. Some of it
resulted in direct invention, but most
of it was applied to the development
of existing ideas; although considerable
advances in performance and structure
were achieved, the seminal concepts
had already been made. It is possible
here to mention only very briefly the
advances in design and the men who
made them.

The most important single develop-
ment was the use of higher pressure
and temperature. This was thermody-
namically desirable and allowed the ex-
pansive power of steam to be utilized.
The greater overall expansion ratio led
to use of more than one cylinder, called
compounding, and by the 1870's triple
and even quadruple expansion engines
were available. Better materials and

19 better manufacturing were, of course,

important contributions, but initially it
was improved design that was respon-
sible for the advance. The key man
was Richard Trevithick, a Cornishman
who pioneered with higher pressure and
the Cornish type of fire-tube boiler to
withstand it; the result was the " Corn-
ish engine", which was still a beam
engine but had a much higher efficiency
(see the table). His later horizontal
engine (one with a horizontal cylinder
and direct rotation via crank and fly-
wheel) allowed a much more compact
unit than the rotative beam engine. In
addition, his use of higher pressure per-
mitted the condenser to be dispensed
with and led to his successful "inven-
tion" of the steam locomotive, for
which condensing was impractical. At
the same time, in work parallel to that
of Trevithick, Oliver Evans was pio-
neering in Philadelphia with higher
pressures and cylindrical boilers. There
was only a handful of steam engines in
the United States at the turn of the
century, however, and Evans received
derision rather than encouragement: he
met no American Boulton.

ENGINEERING SCIENCE
AND EMPIRICISM

As we have seen, the development of
the steam engine during the one hun-
dred fifty years from Savery to the
middle of the nineteenth century was
carried out almost entirely in Britain
and mostly by men who were, to lean
on Shakespeare, "rude mechanicals"
rather than professional engineers. It
was left to continental Europe to de-
velop engineering science, particularly
in regard to the strength of materials
and to hydraulic theory. The engineer-
ing education obtainable at the Ecole
Polytechnique in Paris was indicative.

This development was noticed by the
Prince Consort in Britain, and to me-
morialize the success of the Great Exhi-
bition of 1851, he encouraged the
funding of the City and Guilds College
in London for engineering training of an
academic nature. Yet the empirical de-
velopment of the steam engine had been
a resounding success, and in Britain
the belief persisted that study of me-
chanical engineering needed a strong
"hands on" component. Until quite
recent times, it was customary for uni-
versity graduates in engineering to serve
an apprenticeship of at least two years
in a workshop before being considered
ready to work as engineers. This at-
titude is reflected still in the not un-
common propensity of dignitaries of
engineering institutes to extol, in their
formal addresses, the value of their
workshop training above all else in
their engineering experience. Neverthe-
less, the middle and late nineteenth
century saw a galaxy of British physi-
cists and mathematicians whose work
supplied a basis for much of the modern
development of engineering: men such
as Faraday, Joule, Maxwell, Kelvin, and



Right: This model of a Green steam en-
gine was made by Robert Thurston in his
father's workshop when he was sixteen
years old. The model is now housed in the
Sibley School of Mechanical and Aero-
space Engineering. Thurston became di-
rector of the school, then called the Sibley
College of Mechanical Engineering and
the Mechanic Arts, in 1885.

Also at Sibley, although its provenance
is not known, is a model of a Boulton and
Watt engine, probably representative of
about the year 1800. This model is pic-
tured on page 11 and on the outside front
cover.

Rayleigh, together with academic en-
gineers such as Rankine and Reynolds.

The other important general advance
in later years was the development of
the high-speed engine. This came grad-
ually as materials improved and manu-
facturing tolerances became tighter,
and it received a sharp impetus with
the introduction of the dynamo, which
had to be fast-running for economy.
Here we can point to American inven-
tion, notably by George Corliss (who
continued the tradition of the self-
educated engineer). The Corliss hor-
izontal engine of about 1850 (see page
26) had unique valves and speed con-
trol and was very economical. It be-
came widely known and many copies
were made in Britain toward the end
of the century. Part of a Corliss triple-
expansion engine was located in the
old Mechanical Laboratory at Cornell
for more than fifty years; in its matur-
ity, it used to be oiled up and run once
a year on Engineer's Day. It had a large
flywheel and this, together with the
sight of power being developed by vis-
ible, moving components, made the Cor-
liss a favorite with the visitors and, to be

sure, with faculty members who got to
perform as real engineers with oil cans
and cotton waste.

Also, we must not forget Cornell's
own Robert Thurston and John Edson
Sweet. Of all Thurston's interests, one
of the most persisting was the steam
engine, and his treatise, A History of the
Growth of the Steam Engine, is detailed
and definitive. Sweet made possible an
important advance in the high-speed
steam engine in the early 1870's with his
design of a new valve and governing ar-
rangement. An engine of 20 horsepower
made by his students was exhibited in
1876 at the Centennial International
Exhibition in Philadelphia. Driving an
electric generator, the first to be con-
structed in the United States, it heralded
the electric lighting and power develop-
ment to come.

AFTER THE DEMISE
ARE THERE SIGNS OF LIFE?

The last gasp of the steam engine was-
the uniflow engine, an efficient model
occupying small space that was patented
by Stumpf in Germany in 1908 and
continued in production for some

twenty years. Actually, the steam en-
gine persisted, particularly in marine
applications, for quite a time after it
was ousted from its unique position by
the steam turbine and the internal com-
bustion engine in the early twentieth
century. As late as 1930, about 18 per-
cent of the marine engines under con-
struction were steam engines, and of
course a larger percentage were in use
all over the world. This was owing not
only to the natural conservatism of ma-
rine operators, but to the fact that the
steam engine is a relatively simple piece
of machinery, well understood, and
capable of being repaired in almost any
part of the world. But it was a losing
battle and the steam engine is now char-
acterized as historical, its application an
occupation for the hobbyist.

As a postscript, we might note that
whatever the debt of thermodynamics
to the steam engine or vice versa, it
was steam-engine men who laid the
foundations of the two great English-
speaking professional organizations of
mechanical engineering. The American
Society of Mechanical Engineers had
Cornell professors Robert Thurston 20



Left: Professor Shepherd measures the
air flow around a model wind turbine as
part of his current research in wind power.

and John Edson Sweet as its first and
third presidents, and the Institution of
Mechanical Engineers in Britain had
George Stephenson and his son Robert,
both famous for the "Rocket" locomo-
tive, as its first and second presidents.

The steam engine has gone, but who
knows? The windmill went too, but is
back. Perhaps the next generation will
be taking their Sunday drive in spank-
ing new Stanley steamers.
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Dennis G. Shepherd, who is John Edson
Sweet Professor of Engineering, emeritus,
participated in the early work on turbojet
engines and gas turbines and continued a
long career of teaching and research in
the areas of thermal power, fluid dy-
namics, aerodynamic propulsion, and
energy sources. A recent interest is the de-
velopment of alternative energy sources,
including wind power and geothermal en-
ergy. Although he officially retired last
summer, he has continued to teach part-
time.

Shepherd came to Cornell in 1948 after
fourteen years in industrial research and

development in England and Canada. He
was born in England and came to the
United States for his university educa-
tion; he received B.S. degrees in both
engineering physics and engineering
mathematics from the University of
Michigan in 1934.

During his years at Cornell, Shepherd
has served as head of the Department
of Thermal Engineering and, from 1965
to 1972, as director of the Sibley School
of Mechanical Engineering (now Me-
chanical and Aerospace Engineering). He
also supervised the professional master's
degree program in mechanical engineering
and served as chairman of the College's
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THE WATERSHED YEARS:
1850 to 1900

by Bart Conta

To call the second half of the nine-
teenth century the watershed years is
to invite challenge. It is generally per-
iods such as the Renaissance or the
Industrial Revolution that are described
as ages of transition. Nevertheless, the
period before the turn of the century
was uniquely important and transitional,
especially with respect to the relation-
ship between science and technology—
a relationship that has become a cru-
cial factor in the tenor of life today.

Definitions of technology have been
many and varied. Some are essentially
"hardware" definitions based on an
extension of the mere making of tools.
Others attempt to be much more gen-
eral and abstract; an example is a
Random House definition: "the sum
of the ways in which a social group
provide themselves with the material
objects of their civilization." Surely, by
any definition, technology is a very
early development. Humans have been
using and making tools for more than
a million years.

Both the origin and definition of
science are somewhat more elusive. An
early and elementary view was that

science is merely classified or systema-
tized knowledge. Although science, like
technology, is very old by this defini-
tion, the modern view is that science
now implies much more. It entails the
observation of regularities in natural or
other phenomena, the generalization of
these observations into a hypothesis or
theory, and, finally, the general accep-
tance of the theory as a law. The im-
portance of this modern concept lies in
the predictive power that it implies. It
is inherent in any description of the
scientific method. It is also expressed
in the Random House definition of sci-
ence: "a branch of knowledge or study
dealing with a body of facts or truths
systematically arranged and showing
the operation of general laws."

Although it is common for engineers
to think of technology as applied sci-
ence, it is clear that the modern concept
of science, and almost any definition of
technology, make science a recent phe-
nomenon compared to technology.
Obviously, technology could not be ap-
plied science before there was any sci-
ence. The origin of science is a matter
of historical research as well as defini-

tion. Thales, the Ionian philosopher, was
aware of astronomical regularities as
early as the sixth century B.C.; the ob-
servations were empirical, however, and
did not lead to a discovery of the laws
of motion. Archimedes, however,
sounds decidedly scientific. During the
third century B.C., he developed the law
of the lever, and the law of flotation
known as Archimedes' principle. Both
of these were quantitative and therefore
had real predictive power. Although the
lever and the inclined plane were known
and used by the ancient Egyptians (and
probably in much earlier times), it was
Archimedes who visualized a lever in
full rotation and invented the differen-
tial pulley, and who envisioned an in-
clined plane wrapped around a cylinder
and invented the Archimedian screw.

THE RECENT ORIGIN
OF APPLIED SCIENCE

Regardless of the precise origin of
science as it is currently perceived,
technology did not become applied
science until about the middle of the
nineteenth century. This is probably a
startling statement to many engineers 22



and scientists, but it is not so to most
historians. There are a number of rea-
sons for the failure of technology to
exploit science until so recently in spite
of the fact that Friar Roger Bacon had
envisioned it in the thirteenth century
and Sir Francis Bacon in the
seventeenth.

The primary reason is that there was
relatively little science to apply until
about 1850. Although statics had its
origin with Archimedes, the other half
of mechanics, dynamics, did not de-
velop until the seventeenth century with
Galileo, Newton, and Leibniz. Many of
the other sciences had their origins
about the middle of the nineteenth cen-
tury. Joule and Mayer had formulated
statements of the first law of thermo-
dynamics by about 1850 and Clausius
conceived of entropy as a mathematical
statement of the second law in 1860
(even Carnot's intuitive and qualita-
tive version of the second law did not
come until 1824). The first hint of ap-
plicable electrical theory came with
Faraday's paper read to the Royal So-
ciety in 1831; the magneto-generator
appeared in 1853. The year 1856
marks not only the end of the wrought-
iron era and the beginning of the steel
age (brought about by Bessemer's pro-
cess for making low-cost steel), but
also the beginning of science-based
metallurgy. Biology became a science
with Darwin's theory of evolution
(Origin of the Species was published in
1859) and microbiology began with
Pasteur in 1850. Earlier developments
in biology had been almost exclusively
taxonomy—more akin to stamp col-
lecting than to the modern concept of
science.

A second reason for the late mar-
23 riage of technology to science is that

many technologies were so highly de-
veloped over the long periods of time
before the corresponding science was
born that the technology had little to
learn from the emerging science; in
fact, it was the other way around. The
science was derived from the technol-
ogy. The general acceptance of this
view is evident in an often-quoted state-
ment inspired by the fact that Carnot, a
French engineer, discovered the second
law of thermodynamics while trying to
improve the performance of steam en-
gines: "Thermodynamics owes more to
the steam engine than the steam engine
owes to thermodynamics." Metallurgy
is perhaps an even better example. The
Hittites, in Anatolia, were making steel-
bladed weapons as early as 1200 B.C.,
although nothing resembling a science
was involved. They did not know the
complex physical chemistry of iron-
carbon alloys; they did not even know
that steel was an alloy. Aristotle thought
that steel was very pure iron.

A third reason, perhaps the domi-
nant one, for the long delay in deriving
technology from science is the strange
persistence of the Aristotelian view that
natural philosophy was lofty and noble,
whereas the mechanical arts were vul-
gar and ignoble. This elitist view was
strongly evident until about the middle
of the nineteenth century. The major
universities were primarily concerned
with the classical subjects—Greek,
Latin, philosophy, and religion. The
men of science who emerged in the
seventeenth century had to form the
Royal Society and the French Academy
in order to have a forum for their
ideas. They, too, were elitists, and the
inventors and mechanics of the eight-
eenth century had to establish the
Lunar Society to accommodate their

more pragmatic endeavors. The failure
of science and technology to breach
the Aristotelian wall between them un-
til such a late date was simply the result
of the general and persistent belief that
theory and practice had nothing to do
with each other.

The field of medicine provides prob-
ably the best single example of this
failure. Medicine is unique among the
sciences in that it has been taught for-
mally since at least the fourth century
B.C.; until at least the eighteenth cen-
tury, it was the only science taught in
universities. Although medical schools
taught both science and clinical prac-
tice, inconsistencies between them went
unnoticed. Harvey discovered the cir-
culation of the blood in the seventeenth
century, and although it disproved all
the assumptions upon which the clinical
practice of bleeding was based, the
practice was continued for centuries.
It was in general use for more than one
hundred years after Harvey's discovery
began to be taught in medical schools
and was still a common procedure as
late as 1850. A similar example is the
practice of shipbuilding in the nine-
teenth century. A proposal to build



Although Archimedes' principle had been
known for centuries, ships were not built
of iron until the nineteenth century, when
technology became science-based. This
historic iron-hulled steamship, the Great
Eastern, used both paddle wheels and
screw propellers, though she retained a
full set of sails. She was not the first ship
to be built with iron or to use steam,
but at the time of her launching in 1850,
the Great Eastern was one of the largest
ships afloat. Later she was used in laying
the Atlantic cable.

ships of steel instead of wood gen-
erated argument about whether a steel
ship would, in fact, float, since steel is
obviously denser than water. Archime-
des could have given a quantitative
answer to that question sixteen hundred
years earlier.

Because technologies are now clearly
science-derived, it is difficult to appre-
ciate how recently and suddenly this
link was forged. Perhaps the following
quotation will emphasize this important
point. It is from a famous paper by
Lynn White, Jr., titled "The Historical
Roots of Our Ecological Crisis," that
appeared in Science (vol. 155; March
10, 1967; pp. 1203-1207).

Natural science, conceived as the effort
to understand the nature of things, had
flourished in several eras and among sev-
eral peoples. Similarly there had been an
age-old accumulation of technological
skills, sometimes growing rapidly, some-
times slowly. But it was not until four
generations ago that Western Europe and
North America arranged a marriage be-
tween science and technology, a union of
the theoretical and the empirical ap-
proaches to our natural environment. The
emergence in widespread practice of the

Baconian creed that scientific knowledge
means technological power over nature
can scarcely be dated before about 1850,
save in the chemical industries, where it
is anticipated in the 18th century. Its ac-
ceptance as a normal pattern of action
may mark the greatest event in human
history since the invention of agriculture,
and perhaps in nonhuman terrestrial his-
tory as well. . .

As a beginning we should try to clarify
our thinking by looking, in some histor-
ical depth, at the presuppositions that un-
derlie modern technology and science.
Science was traditionally aristocratic,
speculative, intellectual in intent; tech-
nology was lower-class, empirical, action-
oriented. The quite sudden fusion of these
two towards the middle of the 19th cen-
tury, is surely related to the slightly prior
and contemporary democratic revolutions
which, by reducing social barriers, tended
to assert a functional unity of brain and
hand.

ASCENDANCY OF THE
TECHNOLOGICAL IMPERATIVE

The transformation of the nature of
technology which occurred about 1850
was indeed a watershed phenomenon.
Until then technology was organic or

folk technology. It grew out of the daily
lives and of the needs and wants of a
diversity of ordinary people. Its de-
velopment could be summarized as ne-
cessity is the mother of invention. The
sudden transformation of folk technol-
ogy to science-derived technology be-
gan primarily in German universities
and first of all in organic chemistry.
It rapidly expanded to other branches
of science, and indeed to other branches
of learning and to other parts of the
world. What has frequently been
observed of science was also true of
technology: an era of royal science ex-
tended from Archimedes to Newton,
of hobby science from Newton to Dar-
win, and of professional science from
Darwin to the present. (The word
scientist has been in common use only
since about 1850.) The professional-
ization of science and technology in
universities had profound effects on all
three entities. Science became a pro-
fession, technology became science-
derived, and universities entered the
real world of industry and commerce.
The rapidity with which the change dif-
fused to other parts of the world is 24



indicated by the fact that it reached the
then backward New World so soon.
The Morrill Act, providing land grants
to the states for the purpose of estab-
lishing colleges whose curricula would
include agriculture and the mechanical
arts, was passed by the United States
Congress in 1862.

The transformation from folk tech-
nology to science-derived professional
technology became inevitable after the
watershed year of 1850. The process
proceeded rapidly during the second
half of the century and reached its
present mature state after the acceler-
ating effect of the second World War.
The dominant effect of this transforma-
tion has been to change the primary
motivation of technology from respond-
ing to human needs and wants to
responding to scientific possibilities. In-
stead of necessity being the mother of
invention, invention has become the
mother of necessity. The new motiva-
tion has also been described as the
technological imperative—a term that
implies a tendency to actually do what-
ever is technically feasible, regardless
of the consequences. Some writers have
observed that technology, which once
responded to human needs and wants,
now seems to have taken off and to
have a life of its own—an idea ex-
pressed in the frequently heard saying,
"Things are in the saddle and man is
being ridden." Perhaps this situation is
the natural consequence of modern
technology being science-derived. Sci-
ence has always had a life of its own in
the sense that it has always enjoyed the
freedom implied by the spirit of free
inquiry, and perhaps technology now
also has this freedom simply because it

25 is science-derived.

Although technology has always had
the capacity to do harm as well as good,
and has often done both, the probabil-
ity of doing harm has increased greatly
as a result of the technological impera-
tive. As Barry Commoner has pointed
out in many of his writings, artificial
substances in the environment and food
supply are much more likely than nat-
ural substances to be harmful to hu-
mans, as well as other forms of life,
because we are not protected from them
by the slow process of evolutionary
adaptation. It was organic chemists in
the German universities who, about
1850, discovered that they could not
only synthesize natural organic sub-
stances, but also create ones that did
not occur in nature.

A more specific example of a tech-
nological response to scientific possi-
bility rather than to human need is the
development of the supersonic transport
airplane (SST). First it should be ob-
served that the change from the Boeing
707 to the 747 represented real prog-
ress in several respects. Although it
flies at the same speed as the 707, the
747 is quieter, carries more passengers,
uses less fuel per passenger mile, and
is less polluting. The substitution of the
SST for the 747 would represent a
retrogression in every respect except
speed. Compared to the 747, the SST
would be noisier, carry fewer passen-
gers, use more fuel, and be more pollut-
ing, although it would fly at twice the
speed. Only if one could say that a
major problem in air transportation is
that planes do not fly fast enough would
the SST be a rational concept. Actually,
of course, almost everything else is
wrong with air transportation except
inadequate speed. Planes make too

". . . invention
has become
the mother
of necessity."



The Crystal Palace Exhibition, held in
London in 1851, was officially called the
Great Exhibition of the Works of Industry
of All Nations. The popular name came
from the remarkable structure that housed
the exhibition; the interior of the central
vault is shown in this print. The building
was designed by Joseph Paxton, manager
of the estate of the Duke of Devonshire
and designer of greenhouses, who extra-
polated his experience to create the gigan-
tic glass and iron structure. The hall was
enclosed by three hundred thousand panes
of hand-blown glass and covered an area
of twenty-two acres.

much noise, use too much fuel, and
cause too much pollution, and too much
time is wasted on the ground rather
than in the air. In spite of the trans-
parent irrationality of the concept, the
SST was seriously promoted in the
United States and actually built by the
combined efforts of France and Eng-
land. It exemplifies the concept of the
technological imperative—the compel-
ling response of technology to the possi-
bilities of science.

Other examples of this inversion of
the relationship between science and
technology, sometimes described as so-
lutions looking for problems, abound.
Among them are the space program,
the laser, and nuclear technology. The
problems that finally caught up to these
solutions are, respectively, satellite
communications, accurate bombing,
and nuclear power.

THE SHIFT IN WORLD
LEADERSHIP TO THE U.S.

In many respects, the most successful
amalgamation of science, technology,
and the universities took place in the
United States and was achieved by the
engineering profession with its profes-
sional societies and close alliance with
industry and corporate capitalism.
When this dynamic half-century began,
the United States was already a leading
agricultural nation, but somewhat back-
ward in many other areas. Historical
evidence for this statement is clear in
the reports of the Crystal Palace Exhi-
bition in London in 1851, the first
truly international and general indus-
trial exhibition. England and Germany
dominated the show. The area reserved
for the United States was nicknamed
"the prairie ground" because of the

paucity of spectacular exhibits. There
were, however, a few indications that
American technology was on the move.
The United States dominated the field
trials of agricultural machinery and im-
pressed Europeans with its military
rifles and with Samuel Colt's revolvers,
which were made with interchangeable
parts in the American method of manu-
facture, as it was then called. The Amer-
ica, the United States entry in the yacht
race around the Isle of Wight, won in a
field of fifteen (the trophy has since
been called the America's Cup).

The sensation of the 1876 Centennial
International Exhibition in Philadelphia
was the Corliss double walking-beam en-
gine, the largest steam engine of its day.
The 1,400-horsepower engine had a forty-
inch bore, a ten-foot stroke, and a thirty-
foot flywheel. 26



The industrial supremacy of the
United States was clear by the time of
the huge Centennial International Exhi-
bition held in Philadelphia in 1876.
This exhibition, on a much larger scale
than the one at the Crystal Palace, had
dozens of buildings, but the dominant
one was Machinery Hall. The hall itself
was dominanted in turn by the giant
Corliss steam engine, which supplied the
power for most of the building. It was a
double vertical walking-beam engine
with cylinders of 40 inches bore and a
stroke of 10 feet. It featured the Corliss
valve gear, a major steam-engine im-
provement invented by George Corliss,
a self-taught engineer from Providence,
Rhode Island. Europeans—Germans
in particular—were tremendously im-
pressed by the American industrial ac-
complishments. Franz Reuleaux, the
German Commissioner to the Centen-
nial, published a series of letters under
the title Letters from Philadelphia that
were critical of German technology and
lavish in their praise of American en-
gineering and industry. He warned that
America had clearly surpassed Europe
and urged that Germany follow the
American example.

As the nineteenth century approached
its end, it became increasingly clear
that the twentieth century was destined
to be the American century. Not only
had the United States achieved suprem-
acy in both agriculture and industry,
but in 1882 John D. Rockefeller had
founded the Standard Oil Trust, the
pioneer large-scale industrial enterprise
with vertical integration; it embraced
production, transportation, refining,
and marketing of petroleum products.
Soon afterward Andrew Carnegie

27 formed a similarly integrated steel em-

First developed as a way to bring the
advantages of artificial power to small
shops unable to afford steam engines, the
internal combustion engine, developed in
1876 by Nicholaus August Otto, had other
unanticipated effects. Below: the first gas-
oline engine to develop greater than three
horsepower, this "Silent Otto" of 1876,
an improved design, sparked a wave of
innovation that resulted in the automobile.
Left: This 1893 Duryea was the first
American-built automobile, the first prod-
uct of a technology that has grown to
dominate the American economy.

pire consisting of mines, ships, rail-
roads, and steel mills. It was sold to
J. P. Morgan in 1901 to form the
United States Steel Corporation, the
first billion-dollar enterprise. The
United States now also led the world
in big business.

Many other changes, of a more speci-
fic nature, mark this half-century as a
watershed period in the United States.
The change from a predominantly agrar-
ian economy to an industrial one oc-
curred about 1880 when, for the first
time, the percentage of the labor force

in agriculture fell below 50 percent (it
has continued to decline ever since and
is now about 4 percent). It was in this
half-century also that the United States
made the transition from a long era in
which the energy base was predomi-
nantly biomass, with wood as the princi-
pal fuel, to the fossil-fuel age, a period
of almost total dependence upon coal,
petroleum, and natural gas. A large
number of important inventions, some
of them American, also appeared dur-
ing this remarkable period. Among
them are the skyscraper, the suspension



bridge, the steam turbine, the hydraulic
turbine, the gasoline engine, the diesel
engine, central-station electric power,
the automobile, powered flight (un-
manned), radio, television, the tele-
phone, and moving pictures.

Futurists generally emphasize in
their writings the rapid and accelerating
pace of science and technology in the
twentieth century, and the difficulties
humans have in making the necessary
social adaptation. Future Shock by
Alvin Toffler is an example of this em-
phasis. A somewhat different view has
been offered in this essay—one that
sees the dominant characteristic of the
twentieth century as an almost complete
dependence upon technologies that had
their origin in the last half of the nine-
teenth century and that now seem to
have a life of their own. As these tech-
nologies increasingly are responses to
the possibilities of science rather than
solutions to organic human problems,
the risk that they will do more harm
than good increases. Before this change
in the motivation of technology that be-
gan about 1850, humans were threat-
ened primarily by natural phenomena:

earthquakes, floods, hurricanes, storms
at sea, and famines. Modern humans
are threatened primarily by the con-
sequences of their own technologies:
air pollution, water pollution, automo-
bile accidents, food additives, and ion-
izing radiation. The need for social
control of technologies, now that they
are science-based and respond to the
technological imperative, is much
greater than it was when technologies
were in the simple and innocent stage
of responding to the needs and wants
of humankind.
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MECHANICAL ENGINEERING
AND THE ENERGY FUTURE

by Franklin K. Moore

In mechanical engineering, we are in-
clined to feel a special responsibility
for the progress of "energy" technol-
ogy; we are under the weight of a
certain tradition. At Cornell, Thurston
in his day exemplified the leadership
of what we would now call the field of
mechanical engineering in developing
the great theme of power from heat
engines. When I was an undergraduate
at Cornell in 1942, F. O. Ellenwood
seemed to be the reigning high priest of
power and energy, carrying on the
Cornell tradition of authoritative schol-
arship in "heat power." But he was the
last of the line; scholarship has sur-
vived, but not authority. As we think
now about the future of energy tech-
nology, it may be helpful to have in
mind how that happened.

AN OLD FAITH
AND A NEW CONFUSION

The faith that ever more efficient power
in ever more abundant supply is the
basis of material human progress was,
in the past, accepted by all, and thus
formed a basis for leadership and au-

29 thority. In fact, a sense of romance

seemed to derive from the very sim-
plicity of that goal. The postwar growth
and subsequent decline of Aerospace-
as-Romance could be discussed in these
terms. Technically, a simple goal such
as abundant power justifies intensive
and therefore satisfying study, research,
and development, and obviously helps
one to predict future trends. In such a
case, there is "autonomous technol-
ogy," in Harvey Brooks' phrase (in
remarks published in Technology Fore-
cast for 1980, Van Nostrand Reinhold,
1971).

What are our present goals with re-
spect to power and energy? First we
note that the romance is gone. In the
volume just mentioned, Technology
Forecast for 1980, a distinguished
panel seemed to find romance in lasers,
computers, and material science, but
had no opinion about the future of
energy conversion. Of course, real
needs associated with power and energy
are, in fact, generally perceived, but
they are various:

• abundant supply, including power
needed for developing or backward
economies;

• safety from harmful accidents;
• safety from derived military effects

(nuclear proliferation);
• resource conservation;
• protection of quality of life.

Not only are these needs various, but
for each one there is a corresponding
group that thinks its theme the most
important and the other groups either
foolish or immoral. It is not surprising,
then, that we have no "energy policy,"
though years ago limitations were fore-
seen. Listen to the Swiss engineer,
Aufel Stodola, at the end of his classic
treatise Steam and Gas Turbines (first
published in German, by Springer, in
1924): "If we assume the consumption
(of fuel), as before the (first) war, in-
creases annually by 5% . . . the lasting
period is computed as only 117 years
. . . May this figure be held up as fre-
quently as possible before the proper
technical and political circles of the
world. . . There is danger ahead, when
the fuel conditions will force . . . re-
trenchments in the consumption of en-
ergy, and therewith in the demands of
welfare and culture" I have added the
italics to emphasize Stodola's assump-
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Figure 1. Schematic of a simple heat en-
gine. The corresponding "second-law ef-
ficiency1 6 can be expressed in terms of
the thermodynamic efficiency n.

Figure 2. A schematic (a) of a simple
space-heating process, and a schematic
(b) showing a way to visualize the cor-
responding second-law efficiency, e.

tion that a constriction of energy sup-
ply would be tragic for humanity. In
fact, Stodola asked (in 1924!) whether
science could not "master the constitu-
tion of the atom" to release energy
stored therein, and then he propheti-
cally added, "bitter necessity facing us
in the not distant future will make the
care of this branch of science a pressing
duty of the community."

To foresee the course of energy tech-
nology, therefore, requires the assump-
tion of a preponderant goal, or perhaps
a wisely weighted combination of pur-
poses. Today we all tend to assume that
the latter approach is best, and there is
hardly an engineering professor at Cor-
nell unable to assert the importance of
his own specialty to the overarching
theme of "energy." Along with the
eclectic view of energy often goes the
assumption (which would have ap-
palled Thurston or Stodola) that tech-
nology in the sense of new machines
or inventions has had its day, and that
now the task is to choose among estab-
lished techniques on the basis of ex-
tended cost or of institutional factors
from which value systems can be con-

structed. These choices, one feels, are
to be made in the context of a funda-
mental scarcity. Even though confi-
dence in the ultimate success of fusion
research is now strong, we are perhaps
less fundamentally sanguine about the
prospect for energy growth than Stodola
was in 1924.

In this situation, can we see the fu-
ture of energy technology, sorting out
the various values and discerning the
best "mixes" of windmills, diesel en-
gines, nuclear conversion devices, and
such? There are, in fact, a number of
fine institutions devoted to such fore-
casting. Here I would like to urge the
importance of a different approach: a
continued, even stubborn emphasis on
technical research intended to develop
and refine energy options, even though
—in fact, because—we cannot see very
well how to place our bets. Stubborn-
ness is appropriate because energy
analysts often argue so convincingly
that, from an overall system viewpoint,
one's particular technical research idea
is wide of the mark.

Our energy future involves the com-
petition of so many closely matched

options that the outcome cannot be
foreseen. Thus technical depth and re-
finement is more important than ever,
so that judgments about energy can be
based on a knowledge of each alterna-
tive in its best form. Let those of us
who have the right technical talents
and resources undertake to do this
work of refinement, leaving the big pic-
ture to others. It is surely someone's
job to create "technical surprise," not
necessarily in the old-fashioned sense
of "breakthrough," but more especially
in the application of physical science to
change the parameters of the elements
to be optimized.

Research of the necessary quality on
a given topic requires a continuous
commitment, of the order of five years'
duration, on the part of the best people
and organizations. How can the neces-
sary program decisions be made? Per-
haps by the existential process of
rolling the dice—with daring but not,
of course, with foolishness. There are
a number of excellent reviews of alter-
native energy options, notably one by
Professor Peter L. Auer of Cornell
(published in Renewable Energy Re- 30
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sources, IPC Science and Technology,
1978), that can help locate the bound-
aries of foolishness (though they can-
not supply the daring). For example,
improving the technical prospects of
windmills would be a fine choice for
research commitment, provided that the
diffuse and intermittent nature of the
wind-energy source were kept clearly
in mind.

Two related difficulties may appear
at this point. If energy research is con-
ducted on the basis of a seemingly ran-
dom selection of problems, how can the
desired outcome—a wise balance of
energy-conversion technology—emerge
from the chaos? Also, since research
costs money, and money-spending
means planning, how can one justify
unprogrammed research? The answers,
I believe, lie in the inevitable rarity of
good research in energy conversion.
Only a very small part of the develop-
ment budget of DOE goes to physical
research in energy-conversion devices,
and only a fraction of this is at the level
to which we should aspire at Cornell.
Fundamentally, the human planning

31 instinct is so basic (falling somewhere

between hunger and sex), and it has
such free expression in our governing
institutions, that we need not worry
about it. Rather, our concern should
be that people who have the training
or interest to be strong technical con-
tributors stay in that role; although
technical research workers often be-
come planners, the reverse seems never
to occur.

Although I have argued for a certain
independence of technical research
from energy-planning studies, one
should also consider the view that phys-
ical science, through the Second Law
of Thermodynamics, should actually be
central to energy planning. This opinion
is expressed in a revival of interest in
the concept of thermodynamic avail-
ability (see an article by C. A. Berg, "A
Technical Basis for Energy Conserva-
tion," in the February 1974 issue of
Technology Review). This concept is
classical, going back essentially to
Gibbs, and is part of the traditional bag-
gage of engineering thermodynamics.
Especially when scarcity or conserva-
tion of energy is at issue, it would seem
that the First Law is not a good basis

for an energy-accounting system be-
cause one knows that energy is always
conserved anyway, never lost. It is only
the opportunity to do useful work that
can be lost. For example, a waterfall
converts potential energy to heat with
no loss; what is lost is hypothetical—
the opportunity to have generated me-
chanical power before the final conver-
sion to heat (note that the opportunity,
or availability, depends on the level of
the lower pool).

Thermodynamically, availability, like
entropy, is a function of variables of
state, such as temperature and pressure.
Here a word definition will suffice: A
source of energy supplies heat to a re-
versible engine operating between that
source and a cooling reservoir of con-
stant temperature To (corresponding to
the lower pool of the waterfall). This
reversible engine yields the maximum
work "available" from the given com-
bination of heat source and reservoir.
Availability may, obviously, be lost by
friction and heat transfer in a real-life
system. In fact, a "second-law effi-
ciency," €, may be defined as the ratio
of the minimum reversible work re-



Figure 3. Diagram of a fossil-fuel steam
power plant. "Availability" flows and
losses are shown in black, and "energy"
flows are shown in color. The plant con-
verts 100 units of energy in the fuel to
33 units of electric energy. Adapted from
a 1975 paper by R. A. Gagglioli, "Pin-
pointing the Real Inefficiences in Power
Plants and Energy Systems/' in Proceed-
ings of the American Power Conference,
vol. 37, p. 656.
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quired to do the desired job to the work
that is available from the actual energy
source. Figures 1 and 2 show simple
special examples.

In Figure 1, work Wr is required to
be done, and a heat source actually
provides Qi (at constant temperature
Ti in this case) to run an engine. The
"availability" is Qi [ l-(To/Ti) ] and €
turns out to be simply the ratio of
actual engine thermal efficiency to that
of a Carnot engine operating between
Ti and To. Thus, loss of availability is
related in this example to the failure
of the actual engine to reach Carnot
efficiency.

Suppose, instead, that the desired
function of a device is not to do work,
but to add heat in amount Q2 to a room
at temperature T2, using a source of
heat Qi. Again we assume a constant
temperature Ti for the delivery of heat
Qi, and again the surroundings con-
stitute a cooling reservoir at tempera-
ture To. Figure 2a sketches this process,
and Figure 2b shows a way to visualize
the loss of availability. Ideally, a re-
versible heat pump, requiring work Wr

= Q2 IXT0/T2)] would do the job.

The actual heat release Qi could be
used to run an actual heat engine be-
tween Ti and To to supply the needed
Wr; however, if that engine were re-
versible, the same Qi would presum-
ably provide more work than Wr,
namely, Qi [1-(TO/Ti)]. Thus the
second-law efficiency comprises two
factors, which appear in Figure 2b: the
usual "boiler efficiency" Q2/O1, which
is less than 1, and the group of terms
contained in the second parentheses,
itself also less than 1.

These simple examples illustrate
how "loss of availability" can be eval-
uated for heat engines and for space
heating on a common basis. To do so
is at least very instructive; in fact, it
is sometimes urged that conservation
of the ability to do useful work is the
proper basic goal of a policy of con-
serving energy resources. In this view,
because availability, or second-law ef-
ficiency, can be analyzed for all energy-
conversion devices, one could design
(or modify) all such things as airplanes,
power plants, steel mills, and heat ex-
changers to minimize each one's loss
of availability. If this holistic principle

of conversion were tenable, we prac-
titioners of thermodynamics and heat
transfer could be all high priests again!
Unfortunately, in a quantitative sense
it is money that is ultimately to be con-
served, and money is used by industries
and individuals to buy machines and to
buy fuel in units of energy. Thermo-
dynamic availability is only partly rel-
evant to these purchase decisions.
Accordingly, analysis of availability
tells the economist very little; neither
does it directly address environmental
or safety concerns. But because it de-
scribes the machine itself in the context
of its surroundings (by taking into ac-
count To, the cooling-reservoir tem-
perature), availability does tell the
engineer or researcher a great deal
about where to look for energy savings.

AVAILABILITY LOSS WHERE
TEMPERATURES ARE HIGH

An interesting example is the coal-fired
steam power plant cooled by a water
reservoir. Gaggioli has broken down the
losses of availability in such a plant,
with the results shown in Figure 3. The
interesting thing is that while the heat 32



rejected to the water environment totals
50 percent of the energy input, the loss
of availability from that cause is very
small (because the temperature of re-
jection is so near that of the receiving
reservoir). For this reason, the central
power station has a very respectable
second-law efficiency in comparison
with other power heat-engine machines.

It is in the boiler that availability
is chiefly lost in a steam power plant,
owing to combustion and heat-transfer
processes. The combustion loss is due
both to the irreversibility of the oxida-
tion reaction (partially avoidable in fuel
cells but not burners), and to the low-
ered flame temperature that results
when heat of combustion is shared by
inert diluents like the nitrogen in air.
Availability loss occurs during heat
transfer because in real life a tempera-
ture drop must be suffered between the
hot combustion gases and the steam.

One must conclude that energy con-
servation for power plants will require
higher flame temperatures, not the util-
ization of the heat contained in tepid
cooling water. Here is an example of
our theme. Heat recovery from cooling
water is interesting to energy planners,
but is not really interesting technically.
On the other hand, raising flame tem-
perature is technically challenging, but
is not interesting to students of institu-
tional factors in energy conservation. In
this case, I think the technical interest
is the better guide to true importance.

One might say that we have known
all along that the key to improvement
in thermal efficiency is at the high-
temperature end of the cycle. It was
there that material-science progress per-
mitted the practical development of the
aircraft turbojet engine in the 1940's.

33 However cloudy the crystal ball, it

seems clear that increases in combus-
tion-zone temperature and parallel im-
provements of heat-transfer methods
will be the most rewarding subjects of
technical work aimed at energy con-
servation.

Calculations of availability also dra-
matize the fuel savings to be accom-
plished through cogeneration, whereby
a heat engine drives an electric genera-
tor and then its rejected heat supplies a
local demand for space heating or pro-
cess heat. In effect, heat rejection is not
charged as a loss to the heat engine
because it is "useful," and the second-
law efficiency of the combined system
is usually greater than that of either
the engine or the heater taken sepa-
rately. Engine types that reject heat at
high temperature—such as diesel en-
gines or gas turbines—are favored for
this application. Technically, it is ob-
vious that cogeneration will be an es-
sential means for energy conservation,
but there are obstacles in its path, and
these are not fundamentally technical;
system optimization and institutional
factors are more crucial (that is, no
corporate entity spontaneously sees how
to make money out of it). Thus, cogen-
eration probably does not present im-
portant opportunities for technical
research.

THE PROMISE OF HIGH-
TEMPERATURE GAS TURBINES

Returning to the idea of saving avail-
ability at high temperature, we perceive
that the gas turbine is a natural scene
for technical research. Turbine inlet
temperatures today are about l,400°K,
and l,900°K is an accepted goal of
modern stationary gas-turbine develop-
ment. Figures 4 and 5 show a simple
gas-turbine cycle and a more elaborate

". . . judgments
about energy
(should) be based
on a knowledge of
each alternative
in its best form."



Figure 4

Figure 4. A simple "open'* gas-turbine
cycle.

Figure 5. Schematic flow diagram of a
closed gas-turbine cycle with regenera-
tion, reheating, and intercooling. The large
colored arrows indicate directions of heat
exchange.
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cycle with reheater, regenerator, and
intercooler.

The flame temperature itself could
be greatly increased, as previously men-
tioned, if inert diluents could be re-
moved; for example, the theoretical
flame temperature for methane-oxygen
combustion is 5,100°K, but is only
2,230°K for methane-air. It is hard to
see how to remove nitrogen from air
before combustion without expending
unacceptable amounts of energy to ac-
complish the separation. However,
when one considers that nitrogen is the
chief component of the working fluid
of a combustion gas turbine, one sees
that the point is not to remove nitrogen,
but to preheat it to as near the flame
temperature as possible; then the loss
of availability in the combustor will be
small. Preheating can be accomplished
by use of a regenerative heat exchanger,
as shown in Figure 5, and the preheat
can come arbitrarily close to the turbine
inlet temperature, provided that many
reheaters are also used, and that these
heat exchangers themselves all ap-
proach perfect second-law efficiency.

Referring to Figure 2, and thinking
of simple heat exchange (Qi = Q2)
between two temperatures Ti and T2,
we see that e approaches 1 only if Ti
and T2 approach each other. This re-
quires, in turn, nearly perfect heat ex-
changers, for which the product of
exchange-surface area and heat-transfer
coefficient approaches infinity. Al-
though heat exchangers of infinite area
and hence infinite cost are not practical,
one cannot fail to be struck by the
logical progression from the simple
open-cycle gas turbine (Figure 4) of
perhaps 20 percent efficiency to a ma-
chine that enjoys Carnot efficiency in
the perfect heat-exchanger limit (Figure 34



5) . In that limit, the second-law ef-
ficiency must approach unity because
heat is added (and removed, with con-
tinuous intercooling) at constant tem-
perature.

Surely there is scope here for applied
research, pushing toward feasibility of
highly efficient gas turbines through in-
creases of both combustion efficiency
and heat-exchanger efficiency. At
Cornell a very promising long-term ef-
fort is underway, under Professor
Frederick C. Gouldin, to improve gas-
turbine combustion efficiency by im-
aginative use of the fluid-mechanical
features of vortices: organized vortex
systems offer the possibility of "flame
holding" without loss-causing obstruc-
tions in the burner flow. The chemistry
of various possible fuels and the cor-
responding pollution consequences are
essential components of this research,
of course.

Survival of the turbine elements in
flows of increased temperature will fol-
low from one or a combination of three
approaches: high-temperature materi-
als research, further development of
active blade-cooling methods, or aban-
donment of blades altogether by use
of the MHD principle. Parenthetically,
I would say that MHD can ultimately
be justified only when extreme temper-
atures forbid the use of turbine blades.
MHD has instead been proposed for
demonstration with coal combustion,
which results in rather modest tempera-
tures, and therefore modest and argu-
able efficiency gains.

The high-temperature regenerated
gas turbine cycle also seems promising
as a heat engine in whatever new in-
carnation of nuclear power the future
may reveal. The idea has been pro-

35 posed, and partially developed, that the

helium coolant of a high-temperature
gas-cooled reactor (HTGR) be used
directly in a helium-turbine and electric-
generator system incorporated within
the primary containment. This attrac-
tive system, promising high efficiency
and ease of cooling, might also find ap-
plication in future fusion power genera-
tors.

THE HEAT EXCHANGER:
BORN AGAIN

The ideas just described lead inexora-
bly to that venerable branch of me-
chanical engineering, heat transfer, and
in particular to the heat exchanger as
a device. Heat exchangers—leaves and
lungs and auto radiators and steam-
boiler tube walls—have that familiarity
which breeds contempt. Today, how-
ever, heat-exchanger design is limiting
for most new ventures in energy con-
version, and research must breathe new
life into this rather stagnant subject.
Very briefly, I will outline the reasons
for this need in our present conserva-
tionist time, and suggest possible di-
rections in which we might look for
research success.

Thinking first of the efficient gas
turbine (Figure 5) , we see that the re-
generator must operate at high tem-
perature, sustain the design pressure
difference of the cycle, and transfer heat
(even more heat than the combustor
generates) between two hot gases which
constitute the entire mass flow of the
machine. This is a severe set of re-
quirements. A general system criterion
could be that, with pressure losses as
well as temperature drop considered,
the loss of availability in the regenerator
should be small. From another point
of view, it is obvious that the designer
would like to make the product of heat-

exchange area and heat-transfer co-
efficient as large as possible without at
the same time making flow resistance
large. Very roughly, we might say that
area (A) times heat-transfer coefficient
is proportional to AU/r, where r repre-
sents the "'pore size" of the heat ex-
changer and U is the velocity through
it. The finer the heat exchanger and
the faster the flow, the better, one might
think. But pressure-loss power will go
like AU3/r, and if it is to be small, U
must not be large, but small, and there-
fore the entrance area of the heat ex-
changer must be large to accommodate
a given volume flow rate. Furthermore,
we would rather not make AU/r large
by making A large—that would directly
increase weight and cost—so the only
remaining option is to make r very
small indeed. Also, the body of the
exchanger should be very shallow be-
cause entrance area ("face area") is
to be large. In summary, a very wide,
shallow, and fine heat exchanger would
be best.

We notice that Mother Nature has
anticipated us here by designing the
lung on just this plan (the lung ex-



Figure 6. Loss of availability (1 — e)
if a source Tj supplies a Carnot engine
through a simple heat exchanger. T2 is
the highest temperature of the working
fluid and To is the temperature of the
surroundings.

changes heat as well as gases, of
course). The reason we cannot simply
emulate Nature is that fouling, which
results from the accumulation of foreign
matter, chemical corrosion, and erosion
of sharp edges, degrades actual perfor-
mance and limits "pore size" to the
order of 4 millimeters in most applica-
tions (such as air conditioners) involv-
ing long-term exposure to ordinary air.
Very much coarser construction is
needed for the hot, corrosive gas flows
in regenerators. The result of this un-
fortunate fouling difficulty is that heat
exchangers are typically low-technology
things, coarse and scientifically uninter-
esting; but if we could overcome foul-
ing, heat exchangers would become
glamorous microprocessors of heat!
How does Nature do it in the lung?
I should leave that question to the bi-
ologists, but cell death and replacement
must be part of the answer. Surely the
achievement of practical heat exchang-
ers of fine pore size is a noble research
goal, and success would have an
enormous impact on our energy future.

The need for advances in heat-
exchanger design is not peculiar to
high-temperature cycles; in fact, the
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problem of successful conversion of
renewable heat-energy resources is
dominated by heat-exchanger design.
Both solar thermal power and OTEC
(power derived from vertical differ-
ences of temperature in the ocean) in-
volve a dispersed energy source that is
available (practically) at small tem-
perature differences. Figure 2 suggests
that a heat exchanger transferring heat
from a source at Ti to a working fluid
at T2, with surroundings at To, would
cause a loss of second-law efficiency
(see Figure 6) of:

1 = 1° T i - T 2
T 2 T ! - T o '

Clearly, T2 should be much closer to Ti
than Ti is to To, and if Ti is not very
different from To, there is a squeeze;
the heat exchanger must operate with
a very small temperature drop—per-
haps only a few degrees. Accordingly,
the heat exchanger must have a very
large surface area unless, as we have
just proposed, it can be made very
"fine." We notice, too, that when over-
all temperature differences are small,
the factor T0/T2 in the 1 - € equation
is nearly 1, which is also unfavorable;
for a gas turbine, T0/T2 is much less
than 1 because T2 is large.

We may conclude that heat-
exchanger refinement will be crucial
to the success of solar thermal power,
OTEC, and any other low-intensity
source such as geothermal heat, or even
alcohol (which has a low flame tem-
perature) derived from photosynthesis.
It is less clear how the needed improve-
ments can be made. Perhaps material
science holds the key; conceivably, cer-
tain heat-transfer research now under-
way in mechanical engineering at
Cornell will prove relevant to this need.
I am thinking of Professor Kenneth E.
Torrance's work on the upward flow
of hot (geothermal) water through po-
rous beds, with change of phase occur-
ring as pressure changes (a paper with
graduate student Ja-Pung Sheu and
geological sciences professor Donald L.
Turcotte will appear shortly in the
Journal of Geophysical Research).
Also, Professor Ronald L. Levin is
studying the microscopic heat-transfer
processes involved in the freezing of
biological cells.

Perhaps because heat exchangers 36



themselves have had an arrested scien-
tific development, engineers have also
tended to overlook problems of the in-
tegration of heat exchangers into over-
all flow systems. Unnecessary losses
and inefficiencies have resulted from
this neglect. The low temperature dif-
ferences associated with energy-con-
servation ideas and renewable energy
sources rather urgently require that
more attention be given to system in-
tegration. An example is furnished by
the so-called dry cooling tower for
power plants, which promises water
conservation and siting freedom, but
entails enormous air flow and large,
expensive heat exchanger "bundles." It
has become clear, through research di-
rected by Professors Torrance, Albert
R. George, and myself, that the key to
near-future technical success of dry
cooling is the improvement of air-flow
distribution in the total system com-
prising heat exchanger, tower duct,
and local atmosphere. (A paper on
"Aerodynamics of the Heat Exchangers
and Their Arrangement in Large Dry
Cooling Towers" was given at the
ASME winter meeting in December,
1978, and is available as ASME pub-
lication 78 WA/HT-19.) This sort of
technical refinement will no doubt be
important in a number of applications
besides cooling towers.

NUCLEAR ENERGY—
A DUTY AND A CARE

In this rather rambling discussion, I
have emphasized the importance of re-
search in combustion and heat transfer
for our energy future. These two, at
least, of the set of very traditional fun-
damental topics in mechanical engineer-
ing are crucial in particular ways made

37 evident by our present energy situation.

In closing, I would also urge that
nuclear energy remain in the fore-
ground of our thinking. Fusion re-
search is already a vital national effort,
in which Cornell plays an important
part (see the December 1977 issue of
this magazine). As "fusion engineer-
ing" advances, heat-transfer problems
appear in rich profusion to claim the
interest of mechanical engineers. Fis-
sion power is under a cloud today, with
few persuasive friends; maybe it will
have to be reinvented! If so, heat-
transfer questions pertaining to both
the power and fuel cycles will need
new answers. The daily newspapers
tell us that the "bitter necessity" fore-
seen by Stodola is upon us, and indeed,
as he said, the community has a press-
ing duty to care for "this branch of
science." Especially because of its con-
cern for problems of heat transfer, the
field of mechanical engineering will no
doubt assume a large portion of that
duty and care to assure a useful and
proper future for nuclear power.

Franklin K. Moore, the Joseph C. Ford
Professor of Mechanical Engineering at
Cornell, joined the faculty here in 1965.
He received his education at Cornell as
well, earning the B.S. degree in mechanical
engineering with distinction in 1944, and
the Ph.D. in aerospace engineering in
1949.

From 1950 to 1955 he did research
on boundary layers and supersonic flow
at the Lewis Laboratory of the National
Advisory Committee for Aeronautics,
predecessor of the National Aeronautics
and Space Administration. He then joined
the staff of the Cornell Aeronautical Lab-
oratory (now Calspan, Inc.) in Buffalo,
New York, where he served as head of
the aerodynamics research department
(1955-59) and director of the aerosciences
division (1960-65).

His research interests have included a
wide variety of fluid dynamics problems,
convective and radiative heat transfer, en-
vironmental problems of heat-rejection
systems, and dry cooling towers.

He has served as a member of the visit-
ing committee for the Department of Ap-
plied Science of the Brookhaven National
Laboratory, and has been a consultant for
the Cornell Aeronautical Laboratory, the
U.S. Air Force, the National Science
Foundation, the Electric Power Research
Institute (EPRI), the General Electric
Company, and a number of companies
concerned with power-plant cooling.

He is a member of the American Insti-
tute of Aeronautics and Astronautics, the
American Physical Society, and the Amer-
ican Society of Mechanical Engineers, as
well as the honorary societies Sigma Xi,
Tau Beta Pi, and Pi Tau Sigma.



VANTAGE

Research in Progress at Cornell's Sibley School

A tour around the laboratories in
Upson and Grumman Halls gives an
idea of what's going on these days in
research and project work at Cornell's
Sibley School of Mechanical and Aero-
space Engineering. Twenty-two proj-
ects are funded at a level of more
than three quarters of a million dollars
a year.

1. Studies of fluid flow are conducted by
several faculty members, including Sidney
Leibovich (at left) and John L. Lumley.
Leibovich, whose work is mainly theoret-

ical, is investigating swirling flows, wave
propagation, and interactions between air
and sea and between ocean layers—stud-
ies that are pertinent to many current
problems such as pollution dispersal in
the atmosphere and oceans, and pollution
control in gas-turbine engines. Lumley,
who is the Willis H. Carrier Professor of
Engineering, directs theoretical and ex-
perimental studies of turbulent flow that
have applications in such areas as com-
bustion, ecological balance in the ocean,
noise and drag reduction, local climatic
conditions, and pollution dispersal in both
the atmosphere and the ocean.

38



39

2. Another member of the group work-
ing on turbulence problems is Zellman
Warhaft, assistant professor, who is shown
(at left) with a vertical wind tunnel that
extends through two floors in Grumman
Hall and is equipped with a computing
system. Professor Warhaft is joint princi-
pal investigator (with Professor Lumley)
on this project.

3. The design of aircraft is one of the ap-
plications of research in fluid dynamics.
Cornell faculty members in this area in-
clude (left to right) Shan-Fu Shen, the
John Edson Sweet Professor of Engineer-
ing, and David A. Caughey, assistant
professor. Shen is studying unsteady flows
and their significance in aerodynamic de-
sign, and he is investigating the use of
finite-element techniques in aerodynamic
calculations as applied to problems such
as fluid flow in a nozzle or over airfoils.
He is also working with Professor Kuo-
King Wang on applications of flow anal-
ysis to the industrial molding of plastic
parts. Caughey specializes in transonic
flow and computational aerodynamics. A
recent project of his was the development
of computer methods, now being used in
aircraft design, that can predict the flow
patterns around irregular structures such
as wings and fuselages.

4. The principles of fluid dynamics were
applied in a recent Master of Engineering
degree project in which streamlined high-
speed bicycles were designed with the aid
of wind tunnel tests and computer cal-
culations, assembled, and tested at speeds
near 45 mph. The faculty adviser was
Albert R. George (at left), professor and
director of the Sibley School, whose re-
search specialties are aerodynamics, acous-
tics, and noise control. (With advice from
a student member of the design team, Pro-
fessor P. C. Tobias deBoer, a competition
bicyclist, climbs under the streamlined
canopy to try out one of the models.)



5. Analysis of the nation's energy supply
system and policy is a major concern of
Professor Peter L. Auer, whose technical
expertise is in plasma physics and fusion
power. (The model in the photograph, a
graphic display of energy sources and de-
mands, is used by Auer for seminar dis-
cussions; it was obtained from a joint
Congressional committee on nuclear
power.) Auer also directs graduate re-
search in specific technological problems

5

involving plasmas and in plasma physics
of the Earth's magnetosphere.

6. Energy conversion and thermodynam-
ics are areas of specialization of Professor
Bart Conta. In recent years he has been
especially active in writing and lecturing
on problems of the social impacts of sci-
ence and technology. (See his article in
this issue.)

6
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7. Professor P. C. Tobias de Boer spe-
cializes in combustion processes, high-
temperature gasdynamics, and plasma
flow. He is shown (at left, with a student)
working on a plasma wind tunnel used
to study the interaction of Earth's mag-
netic field with the solar wind. He is also
concerned with the use of alternative
fuels, including hydrogen, in internal
combustion engines, and is studying the
performance and emissions of suitably
modified engines using these fuels.

8. Edwin L. Resler, Jr., the Joseph N.
Pew, Jr., Professor of Engineering, has di-
rected his recent research efforts toward
reduce pollutant emissions with minimal
loss of engine efficiency and minimal re-
quirements for changes in tooling for
manufacture. One of his efforts involved
a stock car with engine adaptations (pat-
ented) for NOx emission control that were
recently tested at the Chrysler plant in
Detroit, as well as at Cornell. Results
showed a reduction in the NOx levels
meeting the most stringent future targets,
and a "merit factor" (a ratio of fuel re-
quirement to vehicle weight) well below
that of any 1979 spark-ignition vehicle
and comparable to that of diesels. The
basic adaptation is a system for introduc-
ing exhaust gas into the intake manifold
runners, which feed the separate cylinders,
between the normal intake strokes. Resler's
research has also yielded patented devices
for reducing CO and hydrocarbon emis-
sions without the use of a catalyst. His
general areas of expertise include high-
temperature gasdynamics, ferrofluid me-
chanics, and magneto-hydrodynamics.



9. Fluid mechanics research directed by
Franklin K. Moore, the Joseph C. Ford
Professor of Mechanical Engineering, in-
cludes study of aerodynamic problems of
large cooling devices for electricity-gener-
ating plants, a collaborative effort with
Professors Torrance and George. Here
Moore is pictured with a graduate student
inside an atmospheric wind tunnel in Up-
son Hall, where they are setting up a test
on a model tower. The exhaust fans in
the background create the windstream in
the tunnel. A stream of helium-filled soap
bubbles fed into the heated updraft enters
the windstream, creating a visible inter-
action between the two air currents.
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10. In a related cooling-tower project,
Associate Professor Kenneth E. Torrance
uses a Schlieren optical system, which
permits the visualization of plume flow.
The image appearing on the screen (repro-
duced in more detail at right) shows the
inflow of cold air into the stream of hot
gases emerging from a model cooling
tower. Torrance also works on studies of
thermal convection of water in the Earth's
crust in a cooperative project with geolog-
ical sciences Professor Donald L. Turcotte
that involves experimental and theoretical
studies of boiling processes in geothermal
reservoirs and underground aquifers. 42
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11. Combustion, fluid dynamics, and pol-
lutant formation are the subjects of re-
search directed by Associate Professor
Frederick C. Gouldin (at right). The ap-
paratus shown is a swirl-stabilized re-
search combustor used to study lean,
premixed combustion processes—partic-
ularly fluid-mixing, swirling flow, and
pollutant emissions. Laser scattering tech-
niques and laser velocimetry are used to
measure reacting gas temperature, com-
position, and velocity in the combustor.
These studies will be of value in the de-
sign of gas turbines and other continuous
combustors.

12. John F. Booker, professor and assis-
tant director of the school, specializes in
hydrodynamic lubrication, finite-element
methods, and computer-aided simulation
and design. Among specific projects he
and his students have worked on are in-
vestigations of main bearing loads, and
displacements in multi-cylinder recipro-
cating machinery. He is shown here with
bearing components from a Wankel-type
test engine.

12



13. The prediction of failure in structures
or in composite materials is the object of
research conducted by S. Leigh Phoenix,
associate professor. He uses a probabilistic
approach to develop models that can be
used in failure analysis of parallel struc-
tural systems or of systems consisting of
interconnected mechanical members. A
similar approach is used for analysis of
the strength of composite materials and
the reliability of large-scale composite
structures. Phoenix is shown here with a
vibration simulator, which is being devel-
oped for an instructional laboratory.

14. Friction and wear in mechanical
equipment is the specialty area of Assis-
tant Professor Said Jahanmir (at left). The
wear-testing device in the photograph was
designed and built in a senior project for
use in a study of wear in artificial hip
joints (related to Professor Bartel's project
—see the opposite page). The specimen is
subjected to several kinds of motion, in-
cluding the oscillatory motion important
in hip-joint action. As part of his research
program, Jahanmir is developing equa-
tions to express wear mechanisms, and
investigating the effect on wear of the
surface quality of machined parts. 44
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75. The design, analysis, and testing of
biomechanical systems and devices such
as implanted joints is a major area of re-
search for Associate Professor Donald L.
Bartel. Here he is examining a new hip
joint, designed on the basis of Cornell
studies. This work is performed in cooper-
ation with the New York State College of
Veterinary Medicine at Cornell, and with
the Hospital for Special Surgery in New
York City, an affiliate of Cornell's Med-
ical College.

16. Biomechanical applications of me-
chanical control systems are of interest to
Professor Richard M. Phelan (at left) and
Assistant Professor Ronald L. Levin, who
are collaborating in directing a feasibility
study of a system for feedback control of
refrigeration to ensure the gradual freez-
ing of biological samples. The project,
carried out by a group of M.Eng. students,
will provide instrumentation needed for
some of Levin's research. Phelan, who
specializes in mechanical control devices,
has developed a simplified approach to
control system design that has been ap-
plied successfully in a number of other
projects at Cornell and elsewhere; they
include a solar-energy device that follows
the sun and a control for exponentially
increasing flow rate in a process for mold-
ing plastics (see the description on page
46 of Professor Wang's project). Levin's
research is concerned with biological
mass and heat transfer; an example is a
recent study of the water permeability of
cells at subzero temperatures, a study of
interest in fields ranging from food pro-
cessing to medicine.



17. Professor Kuo-King Wang (at left) is
active in materials and manufacturing
engineering. One of his current projects
is an investigation of computer-aided in-
jection molding systems for plastics, in-
volving industrial researchers as well as
colleagues in other departments at Cornell.
Wang is also concerned with the mecha-
nisms of friction welding, thermal fracture
of cutting-tool materials, and ultrasonic
testing of solid-state bonds.

18. The stability and suspension charac-
teristics of vehicles are studied in a proj-
ect directed by Assistant Professor Dean
L. Taylor (at left). Here preparations are

being made for an impact test on the
front fork of a motorcycle. Computer-
based methods, including computer
graphics, are used for the analysis of non-
linear responses such as vibration and
limit-cycle behavior.

19. Associate Professor Robert L. Wehe,
a specialist in mechanical design, recently
supervised an M.Eng. project involving
the design of this remote-activated device
for the simultaneous opening of a pair of
solar panels on a satellite. Another recent
project he has overseen is the design of a
hybrid internal-combustion-inertial (fly-
wheel) automotive propulsion system.

18

19
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FACULTY
PUBUCATIONS

The following publications and conference
papers by faculty and staff members and
graduate students of the Cornell University
College of Engineering were published or
presented during March, April, or May,
1979. Earlier entries not included in previous
listings are indicated by a date in parentheses.
The names of Cornell personnel are in italics.

M AGRICULTURAL
ENGINEERING

Gunkel, W. W.; Furry, R. B.; Lacey, D. R.;
Neyeloff, S.; and Porter, T. G. 1979. Devel-
opment of a Wind-Powered Water Heating
System for Dairy Application. Paper read at
USDA-DOE Workshop, 15-16 May 1979,
at Iowa State University, Ames, Iowa. Pub-
lished in New York State Food and Energy
Council 36th annual progress report.
Haith, D. A. 1979. Empirical Studies of Land
Use and Water Quality in Agricultural Wa-
tersheds. Paper read at Conference on En-
vironmental Management of Agricultural
Watersheds, 23-27 April 1979, at Interna-
tional Institute for Applied Systems Analysis
and the Czechoslovak Academy of Sciences,
Smolenice, Czechoslovakia.
Haith, D. A., and Loehr, R. C. 1979. The
Role of Soil and Water Conservation Prac-
tices in Water Quality Control. Paper read at
Conference on Environmental Management
of Agricultural Watersheds, 23-27 April 1979,
at International Institute for Applied Systems
Analysis and the Czechoslovak Academy of
Sciences, Smolenice, Czechoslovakia.
Levine, G. 1979. Water Use and Water Man-
agement—Tradeoff Implications for Water
Efficiency. Paper read at Symposiom on Rice

47 Policy, 22-25 May 1979, at International

Rice Research Institute, Los Banos, The
Philippines.
Loehr, R. C. 1979. Preapplication strategies
for wastewater irrigation systems. In Inter-
national symposium on state-of-knowledge
in land treatment of wastewater, pp. 283-292.
Hanover, N. H.: U. S. Army Corps of En-
gineers Cold Regions Research and Engi-
neering Laboratory.
Loehr, R. C; Haith, D. A.; Walter, M. F.;
and Martin, C. S.t eds. 1979. Best manage-
ment practices for agriculture and silvicul-
ture. Ann Arbor, Mich.: Ann Arbor Science
Publishers.
Miranda, S. M., and Levine, G. 1979. Effects
of physical water control parameters on low-
land irrigation water management. In Irri-
gation policy and management in Southeast
Asia, pp. 77-92. Los Banos, The Philippines:
International Rice Research Institute.
Price, D. R. (1978a). Energy and agriculture.
New York's Food and Life Sciences Quarterly

1(1)3
(19786). Energy and agricul-

ture in the XXI century. In Proceedings of
15th UPADI convention, pp. 90-102. San-
tiago, Chili: Instituto de Ingenieros.

1979. Is energy being wasted
in producing food? World Food Issues
Series paper no 8. Ithaca, N. Y.: Cornell
University.

• APPLIED AND
ENGINEERING PHYSICS

Chen, J., and Lovelace, R. V. (1978). Theory
of foilless diodes. Physics of Fluids 21:
1623-1633.
Grunes, L., and Leapman, R. D. (1978). A

carbon contamination rate measurement
using electron loss spectroscopy. In AEM
report of a specialist workshop (held 25-28
July 1978, at Cornell University, Ithaca,
N.Y.), pp. 118-120. Ithaca, N.Y.: Cornell
University.
Larrabee, D. A.; Lovelace, R. V.; and
Fleischmann, H. H. (1978). Equilibria and
Compression of Ion Rings. Paper read at
Annual Controlled Fusion Theory Confer-
ence, 26-28 April 1978, in Gatlinburg,
Tenn.

(1979). Truncated exponential-
rigid-rotor model for strong electron and ion
rings. Nuclear Fusion 19:499-503.
Leapman, R. D. 1979. Energy loss spectros-
copy of core excitations and quantitative
microanalysis. Ultramicroscopy 3(4):413-
421. Also in Proceedings of specialist work-
shop in analytical microscopy (held 25-28
July 1978, at Cornell University), pp. 203-
219. Ithaca, N.Y.: Cornell University.
Leapman, R. D.; Rez, P.; and Mayers, D. F.
(1978). A quantitative approach to inner
shell losses. In Proceedings of 9th inter-
national congress on electron microscopy, ed.
J. M. Sturgess, vol. 1, p. 526. Toronto:
Microscopical Society of Canada.

Leapman, R. D., and Silcox, J. 1979a.
Orientation Dependence of Core Edge Fine
Structure. Paper read at Meeting of Amer-
ican Physical Society, 10-23 March 1979,
in Chicago, 111.

19796. Orientation dependence
of core edges in electron energy loss spectra
from anisotropic materials. Physical Review
Letters 42(20): 1361.
Lovelace, R. V. E.; MacAuslan, J.; and
Burns, M. (1979). Particle Acceleration in
Double Radio Sources. Invited paper read at



La Jolla Institute Workshop on Particle Ac-
celeration Mechanisms in Astrophysics, 3-5
January 1979, at La Jolla, Calif.
Nothnagel, E. A.t and Webb, W. W. 1979.
Barrier filter for fluorescence microscopy of
strongly autofluorscent plant tissues: ap-
plication to actin cables in Chara. Journal
of Histochemistry and Cytochemistry 27:
1000-1002.
Podleski, T. R.; Nichols, S.; Ravdin, P.; and
Salpeter, M. M. 1979. Cloned myogenic cells
during differentiation: membrane biochem-
istry and finestructural observations. De-
velopmental Biology 68:239-258.
Silcox, J. (1978a). Analysis of Chemical and
Electronic Microstructures. Invited paper
read at NSF Workshop on Opportunities for
Microstructures Science, Engineering and
Technology, 19-22 November 1978, at Airlie
House, Airlie, Va.

(19786). Inelastic electron-
matter interactions. In Proceedings of 9th
international congress on electron micros-
copy, vol. 3, ed. J. M. Sturgess, pp. 259-
267. Toronto: Microscopical Society of
Canada.

(1979a). Electron Energy Loss
Spectrpscopy. Invited paper read at Meeting
of Arizona Society for Electron Micros-
copy and Microbeam Analysis, 2-4 Feb-
ruary 1979, in Tucson, Ariz.

1919b. Electron Energy Loss
Spectroscopy. Invited paper read at Meeting
of Southeast Electron Microscopy Society,
24-25 May 1979, in Athens, Ga.

1979c. Microcharacterization.
In Microstructure science, engineering, and
technology, pp. 9.1-9.10. Washington, D.C.:
National Academy of Sciences.

\919d. Energy loss spectros-
copy—an introduction. Ultramicroscopy
3(4):409-412. Also in Proceedings of special-
ist workshop in analytical electron micros-
copy (held 25-28 July 1978, at Cornell
University), pp. 195-202. Ithaca, N.Y.:
Cornell University.
Woodall, D. M.; Lovelace, R. V.; Meger, R.
A.; Fleischmann, H. H.; and Berk, H. L.
1979. Magnetic field distribution and image
field index for short axial length E-layers.
Physics of Fluids 22: 155-162.

• CHEMICAL ENGINEERING

Bustany, S. T.; Harriott, P.; and Wiegandt, H.
1979. Growth of ice in a saltwater drop
falling in an organic phase. AlChE Journal
25(3):439^46.

Calado, J. C. G., and Streett, W. B. 1979a.
Liquid-vapour equilibrium in the system H2-
Ar at temperatures from 83 to 141 K and
pressures to 52 MPa. Fluid Phase Equilibria
2:275-282.

19796. Liquid-Vapour Equilib-
rium in the Systems Hydrogen/Argon, Hy-
drogen/Nitrogen and Hydrogen/Methane.
Paper read at Annual Congress of the Chem-
ical Society and the Royal Institute of Chem-
istry, 3-6 April 1979, in Bristol, England.
Cohen, C; Tanny, G. B.; and Prager, S.
1979. Diffusion-controlled formation of por-
ous structures in ternary polymer structures.
Journal of Polymer Science 17:477-489.
Murad, S.; Evans, D. J.; Gubbins, K. E.;
Streett, W. B.; and Tildesley, D. J. 1979.
Molecular dynamics simulation of dense fluid
methane. Molecular Physics 37:725-736.
Rodriguez, F. 1979. The analogy between
fluid flow and electric circuitry. Chemical
Engineering Education 13:96-98.
Shuler, M. L. 1979a. On the possibility of
stabilizing a simple negative feedback control
system by increasing controller gain on a
PID controller. AIChE Journal 25:373-376.

19796. Waste Treatment Op-
tions For Use in Closed Systems. Paper
read at 4th Princeton-American Institute of
Aeronautics and Astronautics Conference on
Space Manufacturing, 14-17 May 1979, at
Princeton, N.J.
Streett, W. B. 1979. Machine Simulations of
Dense Fluids and Fluid Mixtures. Paper
read at Annual Congress of Chemical So-
ciety and Royal Institute of Chemistry, 3-6
April 1979, in Bristol, England.
Thompson, S. M., and Gubbins, K. E. 1979.
Molecular orientation at a vapor-liquid in-
terface: theoretical and computer simulation
results for a model of chlorine. Journal of
Chemical Physics 70:4947-4951.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Abel, J. F., and Shephard, M. S. 1979. An
algorithm for multipoint constraints in fi-
nite element analysis. International Journal
for Numerical Methods in Engineering 14:
464-467.
Brutsaert, W. 1979. Universal constants for
scaling soil-water diffusivity? Water Re-
sources Research 15(2):481-483.
Brutsaert, W., and Strieker, H. 1979. An
advection-aridity approach to estimate actual
regional evapotranspiration. Water Resources
Research 15(2): 443-450.

Dick, R. /. (1978a). Discussion of "A Novel
Method for Assessing the Thickenability of
Sludges" by M. J. D. White and C. F. Lock-
year. Progress in Water Technology 10:938.

(19786). Discussion of "The
Use of Pulped Newsprint as a Conditioning
Aid in the Vacuum Filtration of a Municipal
Sludge" by H. W. Campbell, R. W. Kuzyk,
and G. R. Robertson. Progress in Water Tech-
nology 10:951-952.

1979. Modification for im-
proved sludge handling. In Upgrading of
wastewater treatment plants, ed. W. W. Ec-
kenfelder, Jr., pp. 12.1-12.18. Nashville,
Tenn.: Center for Environmental Quality
Management, Vanderbilt University.
Dick, R. /., and Cairns, C. A. (1979). Dis-
cussion of "Reservoir Metallimnion Oxygen
Demands" by J. A. Gordon and B. A. Skel-
ton. Journal of the Environmental Engineer-
ing Division, ASCE 105:177-179.
Gergely, P.; Fagundo, F.; and White, R. N.
1979. Bond and splices in reinforced concrete
for seismic loading. In Structural concrete
under seismic actions (symposium proceed-
ings), pp. 69-76. Rome: AICAP-CEB.
lngraffea, A. R. 1979a. Fracture mechanics:
a new tool for the geotechnical engineer.
Engineering: Cornell Quarterly 13(4): 26-30.

19796. The strength ratio effect
in the fracture of rock structures. In 20th
U.S. symposium on rock mechanics, pp.
153-162. Austin: University of Texas.
lngraffea, A. R., and Ko, H. Y. 1979. De-
termination of Fracture Parameters for
Rock. Paper read at American Society of
Civil Engineering Convention and Exposi-
tion, 2-6 April 1979, in Boston, Mass.
Kulhawy, F. H. (1977). Probability and
statistics in building codes. In Probability
theory and reliability analysis in geotechni-
cal engineering (workshop report to NSF),
p. 253. Troy, N.Y.: Rensselaer Polytechnic
Institute.

, ed. 1979a. Current geotechnical
practice in mine waste disposal. Report of
ASCE Committee on Embankment Dams
and Slopes (F. H. Kulhawy, committee sec-
retary). New York: American Society of
Civil Engineers.

19796. Foundation engineer-
ing: new skills in an ancient art. Engineering:
Cornell Quarterly 13(4):7-12.
Liggett, J. A.; Gallagher, R. H.; Salmon, J.
R.; and Blandford, G. 1979. A graphical
computation system for three-dimensional
lake circulation and contaminant dispersion.
In Polymodel 2, ed. M. J. O'Carroll (pro-
ceedings of conference 23-24 May 1979, at
Teeside Polytechnic, Middlesbrough, Cleve-
land, England). 4g



Liggett, J. A., and Liu, P. L.-F. 1979. Un-
steady interzonal free surface flow in porous
media. Water Resources Research 15(2): 240-
246.
Liut P. L.F., and Liggett, J. A. 1979. Bound-
ary solutions to two problems in porous
media. Journal of the Hydraulic Division,
ASCE 105(HY3): 171-183.
Liu, P. L.-F., and Lozano, C. J. 1979. Com-
bined wave refraction and diffraction. In
Coastal Structures, 79, pp. 978-997. New
York: American Society of Civil Engineers.
Molnia, B. F., and Sangrey, D. A. 1979.
Glacially derived sediments in the northern
gulf of Alaska—geology and engineering
characteristics. In 11th offshore technology
conference, vol. 1, pp. 647-676. Dallas, Tex.:
Offshore Technical Conference.
O'Rourke, T. D. 1979. The shaping of a
discipline. Engineering: Cornell Quarterly
13(4):37-43.
Perdikaris, P. C; White, R. N.; and Gergely,
P. 1979. Strength and Stiffness of Biaxially
Tensioned Reinforced Concrete Subjected to
Reversing Shear Loads. Paper read at ASCE
Mini-Conference on Civil Engineering and
Nuclear Power, 2-6 April 1979, in Boston,
Mass.
Sangrey, D. A. 1979. Marine geotechnology:
adventure in engineering. Engineering: Cor-
nell Quarterly 13(4): 13-20.
Sangrey, D. A.; Clukey, E. C; and Molnia,
B. F. 1979. Geotechnical engineering analy-
sis of underconsolidated sediments from
Alaska. In 11th offshore technology confer-
ence, vol. 1, pp. 677-682. Dallas, Tex.: Off-
shore Technical Conference.
Sangrey, D. A., and Knebel, H. J. 1979.
Geotechnical studies in the Baltimore Can-
yon trough area. In 11th offshore technology
conference, vol. 1, pp. 331-342. Dallas, Tex.:
Offshore Technical Conference.

Selig, E. T.; Abel, J. F.; Kulhawy, F. H.;
and Falby, W. E. (1977). Review of the
design and construction of long-span, cor-
rugated-metal buried conduits. Federal High-
way Administration report no. FHWA-RD-
77-131.

1979. Design and construction
of long-span metal culverts. Civil Engineering
49(3): 68-72.

Shapiro, J.; Chapman, P. J.; Dick, R. I.;
Dillon, P. J.; O'Melia, C. R.; Spacie, A.; and
Leduc, G. (1978). Ecological effects of non-
phosphate builders: final^ report on NT A.
International Joint Commission report. Wind-
sor, Ontario, Canada: Great Lakes Research
Advisory Board.

Trent, B. C; Ko, H. Y.; and Ingraffea, A. R.
49 1979. Experimental Model Testing as Ap-

plied to Coal. Paper read at Spring Meeting
of Society for Experimental Stress Analy-
sis, 20-25 May 1979, in San Francisco, Calif.
Turcotte, D. L.; Clancy, R. T.; Spence, D. A.;
and Kulhawy, F. H. (1978). Models for the
distribution of stress and strain adjacent to
the San Andreas Fault. In Proceedings of
conference HI on fault mechanics and its re-
lation to earthquake prediction (held Decem-
ber 1977, at Menlo Park, Calif.), pp. 589-
618. Published as U.S. Geological Survey
open-file report no. 78-380.

1979. Mechanisms for the ac-
cumulation and release of stress on the San
Andreas Fault. Journal of Geophysical Re-
search 84(B5):2273-2282.
White, R. N. 1979. Panel discussion on
"Computers in Civil Engineering Education"
at ASCE Conference on Civil Engineering
Education, 17-19 April 1979, at University
of Wisconsin, Madison.
White, R. N.; Gergely, P.; and Jimenez, R.
1979. Sliding shear and dowel forces in
cracked reinforced concrete subjected to
seismic loading. In Structural concrete under
seismic actions (symposium proceedings), pp.
77-86. Rome: AICAP-CEB.
White, R. N., and Sangrey, D. A. 19J9.
Cornell's ME(C) program—a retrospective
view. In Proceedings of ASCE specialty
conference on civil engineering education,
vol. 1, pp. 299-309. New York: American
Society of Civil Engineers.
Withiam, J. L., and Kulhawy, F. H. (1978).
Analytical modeling of the uplift behavior
of drilled shaft foundations. Niagara Mo-
hawk Power Corporation contract report
B-49(3).

1979. Analytical model for
drilled shaft foundations. In Proceedings of
3rd international conference on numerical
methods in geomechanics, vol. 3, pp. 1115-
1122. Rotterdam: A. A. Balkema.

• COMPUTER SCIENCE

Golub, G. H.; Nash, S.; and Van Loan, C.
(1978). The Hessenberg-Schur algorithm for
AX+XB=C. Computer Science Technical
Report TR78-354. Ithaca, N.Y.: Cornell
University.
Golub, G. H., and Van Loan, C. (1978). Un-
symmetric positive definite linear systems.
Computer Science Technical Report TR78-
352. Ithaca, N.Y.: Cornell University.
Moler, C. B., and Van Loan, C. (1978).
Nineteen dubious methods for computing the
matrix exponential. SI AM Review 20:801-
836.
Paige, C , and Van Loan, C. 1979. Ortho-

gonal reductions of the algebraic Riccati
equation. Computer Science Technical Re-
port TR79-377. Ithaca, N.Y.: Cornell Uni-
versity.
Salton, G. 1979a. Mathematics and informa-
tion retrieval. Journal of Documentation 35

29
1919b. Suggestions for library

network design. Journal of Library Automa-
tion 12(l):35-52.
Van Loan, C. 1979. Computer science and
the liberal arts student. Computer Science
Technical Report TR79-376. Ithaca, N.Y.:
Cornell University.

• ELECTRICAL ENGINEERING

Barry, D. E.; Pottle, C; and Wirgau, K. A.
(1978). Technology assessment study of near
term computer capabilities and their impact
on power flow and stability simulation pro-
grams. Electric Power Research Institute re-
port EI^-946. Palo Alto, Calif.: EPRI.
Burke, W. J.; Kelley, M. C; Sagalyn, R. C;
Smiddy, M.; and Lai,, S. T. (1979). Polar
cap electric field structures with a northward
interplanetary magnetic field. Geophysical
Research Letters 6:21-24.
Cassidy, C ; Halbout, J. M.; Donaldson, W.;
and Tang, C. L. 1979. Nonlinear optical
properties of urea. Optics Communications
29:243-246.
Chandra, A., and Eastman, L. F. 1979. Rec-
tification in n-n GaAs: (Al, Ga)As hetero-
junctions. Electronics Letters 15(3): 90-91.

(1979). The Technology of
LPE Growth of NGaAs: N(Al,Ga)As Heter-
ojunction for Rectification. Paper read at
Conference on Physics of Compound Semi-
conductor Interfaces, 30 January-1 February
1979, in Asilomar, Calif.
Devlin, W. J.; Ip, K. T.; Leta, D. P.; East-
man, L. F.; and Morrison, G. H. (1978). P-N
Junction Formation in N-InP by Be Ion-
Implantation. Paper read at International
Symposium on GaAs and Related Com-
pounds, 24-27 September 1978, in St.
Louis, Mo.
Devlin, W. J.; Wood, C. E. C; Stall, R.;
and Eastman, L. F. 1979. Refractory Metal
Ohmic Contacts to GaAs MBE Layers. Paper
read at Electrochemical Society Symposium,
7-10 May 1979, in Boston, Mass.
Eastman, L. F. (1978a). GaAs for High
Speed, High Frequency Integrated Circuits.
Invited paper read at American Physical So-
ciety Symposium. New York Section, 13-
14 October 1978, in Yorktown Heights, N.Y.

(1978&). Microwave Semi-



conductor Devices: State-of-the-Art and
Limiting Effects. Invited paper read at In-
ternational Electron Devices Meeting, 4-6
December 1978, in Washington, D.C.
Eastman, L. F., and Shur, M. (1978). Fre-
quency limitations of transferred-electron de-
vices related to quality of contacts. Solid State
Electronics 21:787-791.
Eastman, L. F.; Woodward, D.; Chandra, A.;
and Shur, M. (1979). The Use of (Al,Ga)As
Buffer Layers to Reduce Parasitic Space
Charge Limited Current Flow through the
Substrate in FET Structures. Paper read at
Workshop on Compound Semiconductor Mi-
crowave Active Devices, 19-20 February
1979, in Atlanta, Ga.
Farley, D. T.; Balsley, B. B.; Swartz, W. E.;
and LaHoz, C. (1979). Tropical winds mea-
sured by the Arecibo radar. Journal of Ap-
plied Meteorology 18:227-230.
Happ, H. H.; Pottle, C; and Wirgau, K. A.
1979. An assessment study of computer tech-
nology for large scale power system simu-
lation. In Proceedings of 1979 power indus-
try computer applications conference, no.
79CH1381-3—PWR, pp. 316-324. New
York: Institute of Electrical & Electronics
Engineers.
Kelley, M. C; Fejer, B. G.; and Gonzales,
C. A. 1979. An explanation for anomalous
equatorial ionospheric electric fields asso-
ciated with a northward turning of the
interplanetary magnetic field. Geophysical
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Kelley, M. C; Holtet, J. A.; and Tsurutani,
B. T. 1979. Observations of ELF electromag-
netic waves associated with equatorial spread
F. Planetary and Space Science 27:127-130.
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The use of current-controlled GaAs LPE for
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Levin, K. H., and Tang, C. L. 1979. Optical
switching and bistability in tunable lasers.
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Mclsaac, P. R. 1979. A general reciprocity
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1919b. Vector Computers in
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Transport in Short Channel FET's. Paper
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at International Electron Devices Meeting,
4-6 December 1978, in Washington, D.C.
Swartz, W. E., and Farley, D. T. 1979. A
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situations. Journal of Geophysical Research
84:1930-1932.
Tuck, B.; Ip, K. T.; and Eastman, L. F.
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Wood, C. E.; Woodcock, J.; and Harris, J. J.
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