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MOLECULAR THERMODYNAMICS:
A COMPROMISE THAT WORKS

by Jorge C. C. Calado
It has often been said that physics is
concerned with solving simple prob-
lems exactly, whereas chemistry deals
with approximate solutions to complex
problems. The quantum mechanical
treatment of the hydrogen atom is a
typical example of a physics problem;
Hiickel's molecular orbital description
of benzene falls into the realm of
chemistry.

Thermodynamics presents a similar
dichotomy. On the one hand we have
the body of classical thermodynamics,
beautifully self-contained, indepen-
dent of any theory of matter, closely
related to experiment, but ultimately
unable to predict, a priori, the values of
state properties. On the other hand we
have statistical mechanics, which links
molecular structure and intermolecu-
lar forces to the bulk properties of
matter, but is applicable only to rela-
tively simple situations.

Because classical thermodynamics
yields only relations between prop-
erties, for the estimation of a particular
property we have to rely on the values
of others, obtained either by previous
calculation or through experiment. For

instance, the measurement of the sat-
uration vapor pressure at different
temperatures leads to the determina-
tion of the heat of vaporization through
the so-called Clausius-Clapeyron
equation. In chemical engineering,
however, this is an untenable situa-
tion: chemical process design requires
so much information on the equilib-
rium and transport properties of sub-
stances and their mixtures that the
measurements become prohibitive in
terms of time and money. Instead,
efficient methods of prediction must be
developed.

Here lies the strength of statistical
mechanics; unfortunately, however,
the partition function, which relates
the molecular and bulk properties, can
be calculated only for simple sub-
stances under moderate conditions.
Specifically, we do not have sufficient
knowledge of intermolecular forces to
evaluate the configurational integral (a
measure of how the energy depends on
the relative positions of the molecules)
except for the simplest systems. The
situation was summed up by Wigner in
a famous comment: "With thermody-

namics, one can calculate almost ev-
erything crudely; with kinetic theory,
one can calculate fewer things, but
more accurately; and with statistical
mechanics, one can calculate almost
nothing exactly."

Some kind of compromise was
needed. The answer came in the form
of molecular thermodynamics.

A PHYSICAL APPROACH
TO A CHEMICAL PROBLEM
Molecular thermodynamics derives
basically from the application of a
physical approach to a chemical
problem—from the attempt to com-
bine the advantages and positive fea-
tures of both classical and statistical
thermodynamics. In order to be prac-
tical, it borrows freely from molecular
physics and classical physical chemis-
try. Exactitude is sacrificed for the
sake of feasibility, and an agreeable
empirical flavor tempers the aridity of
the exact theoretical solution. Physical
models are assumed, approximate par-
tition functions are constructed,
parameters are obtained from the mea-
surement of a few properties. The 2



Left: Vapor surrounds a low-temperature
distillation apparatus in Calado's labora-
tory at Cornell. It is part of the equipment
used to purify liquefied gases.

Figure 1. The relation of molecular ther-
modynamics to theory and experiment.

Figure 2. The cycle involved in the applica-
tion of molecular thermodynamics to prac-
tical problems. The model is constructed
from measured properties and its reliability
is tested by comparing predicted properties
with their experimental values.
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cycle is more or less the following:
minimal experimental information
provides the clues for the construction
of the model and the values of charac-
teristic parameters; statistical mechan-
ics is performed (exactly or by approx-
imate methods) in the ideal world of
the model, yielding values of prop-
erties; some of the calculated values
are checked against experimental data,
to test the reliability of the model when
applied to the real world.

Special care has to be taken with the
choice of physical model. It has to be

simple enough so that the calculations
can be performed easily, but not so
simple that the results become merely
academic, bearing no relation to the
real world. Not every molecule can be
considered spherical, and to assume
that every gas is ideal would be trivial.
A large part of the success of molecular
thermodynamics depends on the
suitability of the physical model to the
problem under examination—the
model should be realistic without be-
coming too cumbersome.

It is apparent that theory and exper-
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iment must proceed hand in hand if
there are to be any usable results. The
theoretical and experimental aspects
of molecular thermodynamics have
been deeply and irrevocably inter-
linked since its inception.

THE MODEL AND EQUATION
OF VAN DER WAALS
Although it is difficult to pin down the
origins of a particular branch of knowl-
edge, in the case of molecular ther-
modynamics the innovative work of
van der Waals (1837-1923) has obvious



van der Waals

importance. In his famous doctoral
thesis On the Continuity of the Gas-
eous and Liquid States (1873), van der
Waals proposed a physical model for
fluids, and derived from it an equation
of state; this, of course, is the very
stuff of which molecular thermody-
namics is made.

One might think that van der Waals'
ideas had been prompted by the beauti-
ful experimental work of Thomas An-
drews on the isotherm of CO2, work
that had been published four years
earlier and, curiously, had a similar
title, On the Continuity of the Gaseous
and Liquid States of Matter. This was
not so, however; van der Waals had
been led to the work on his equation of
state by an interest in the theory of
capillarity as developed by Laplace
(1749-1827). Van der Waals1 ideas
were, in fact, an extension of the ki-
netic theory of gases to the condensed
state (liquids and compressed gases).
The basic assumption was that
molecules both repel and attract each
other: they collide like hard spheres,
yet they can cohere sufficiently to form
a condensed fluid. The two kinds of

forces—repulsive and attractive—
were treated by van der Waals in dif-
ferent ways and were represented by
separate terms in his well-known equa-
tion of state.

All his life, van der Waals struggled
to get a better expression to represent
the behavior of hard spheres, what he
called "the law governing the variabil-
ity ofb." In his Nobel address of 1910
he confessed that this was kk . . . the
weak point in the study of the equation
of state . . . this question continually
obsesses me, I can never free myself
from it, it is with me even in my
dreams." Another deduction of the
equation of state for hard spheres was
proposed by Lorentz (1853-1928) in
1881, and this set up a controversy
between the supporters of the two ap-
proaches, a controversy that involved
Tait (1831-1901) and Rayleigh (1842-
1919), among others. Almost eighty
years passed before a much more exact
solution of the problem was found, for
it was only in 1959 that Reiss, Frisch,

Van der Waals' equation of state for a
condensed fluid is expressed:

{p +a/v2)(v - b) = RT
where p, v, and T represent pressure,
volume, and absolute temperature, R is
the gas constant, and a and b are
parameters characteristic of the
molecules.

The parameter a accounts for the
long-range attractive forces exerted by
the molecules on one another. This at-
tractive field is the source of what van
der Waals called the cohesive pressure,
which holds liquids together and is re-
sponsible for their high density. It is
associated with the residual internal en-
ergy ER—it is, in fact, the propor-
tionality constant between ER and the
density 1/v.

The parameter b accounts for the
strong repulsive contact forces that
cause molecules to behave in collisions
like hard spheres. The value of b is a
measure of the volume effectively oc-
cupied by the molecules. It is also as-
sociated with the residual entropy of the
system. Van der Waals considered the
term (v-b) to be an approximation, not
valid at high pressures.

and Lebowitz obtained the equation of
state for a fluid of hard spheres. Then
in 1964, Longuet-Higgins and Widom
combined the attractive-force part of
van der Waals' equation with the equa-
tion of state for hard spheres and ob-
tained an expression that successfully
explained the melting of argon.

The crowning achievement of van
der Waals' equation was that it ac-
counted for the critical point, at which
liquid and gas become indistinguish-
able; the fact that both the gaseous and
the liquid states can be described by 4



". . . theory and experiment
must proceed hand in hand if there
are to be any usable results/'

one and the same equation implies that
there is continuity between the two
states. This was a most revolutionary
idea at the time, for it was generally
believed that liquid molecules (liq-
uidons) were intrinsically different
from gaseous molecules (gasons). The
controversy went on well into the
twentieth century, and even in the late
1930s there were proponents of the old
ideas, although these were presented
in a disguised form. Of course, the idea
of the continuity of liquid and gaseous
states goes against very old beliefs: the

four elements of Empedocles (fifth
century B.C.) were a manifestation of
the separateness of the states of
matter—the earth is solid, water is
liquid, and air is gaseous: the fourth
element, fire, represents energy.
(Solid and liquid are actually not con-
tinuous states.)

Another important consequence of
van der Waals' equation is the law of
corresponding states (1880), which has
been the source of so many methods of
predicting the properties of fluids and
their mixtures. If the properties of two

different fluids are reduced to non-
dimensional form, they should yield
identical curves when they are plotted
against the same dimensionless coor-
dinates. Unknown quantities for a par-
ticular substance can be calculated
from those of another substance, pro-
vided that they both obey the law of
corresponding states.

Left: Work of Benjamin Wiclom, professor
of chemistry and chairman of thai depart-
ment at Cornell, is cited in its historical
context in this article by Calado. Like
Gubbins, Streett, and Calado at the School
of Chemical Engineering, Widom is inter-
ested in the thermodynamics and statisti-
cal mechanics of phase relations. In par-
ticular, Widom is doing theoretical work on
cirtical points (the limits of coexistence of
two phases) and the special phenomena
exhibited near those points, and he is con-
ducting both theoretical and experimental
studies that extend the treatment to three-
phase equilibria (such as liquid-liquid-gas
or liquid-liquid-liquid) and the associated
tricritical points. He is interested also in
the structure and tension of interfaces be-
tween phases. The cited work was on the
theory of liquid-solid phase transitions.



It is interesting to note that this
finding of correspondences between
different substances was in keeping
with the preoccupation, so dear to
nineteenth-century artists, of finding
correspondences between sensations.
Baudelaire tried to invent a language in
which words and sounds had their cor-
respondence in colors. Huysmans, in
his novel A Rebours, invented a
character, Des Esseintes, who excel-
led in synesthetic experiments.
Scriabin composed music for a color
organ; the F minor key corresponded
to blue, the color of reason, and F
major to the blood red of Hell. In the
United States, a school of painting
called tonalism became prominent; the
landscapes of one of its practitioners,
Henry Ranger, have been referred to
as revealing k4a sensuous warmth and
deep tonal glow that recall the poetry
of the Barbizon masters" (a descrip-
tion in the true language of correspon-
dences, combining references to sen-
suality, sound, heat, poetry, radiation,
and color all in one sentence).

In the realm of science, the law of
corresponding states was crucial not

Like
Life'
Vast

voices echoing in his
s watery source, and
as the turning planet

So do all sounds and hues

senses from beyond
which into one voice unite,
clothed in darkness and light,
and fragrances correspond.

—-from the poem 'Correspondences" in
Baudelaire's Flowers of Evil, as trans-
lated by George Dillon and Edna St.
Vincent Millay.

only in predicting fluid properties, but
in the development of experimental
research in the field of low-
temperature physics, particularly in at-
tempts to liquefy the permanent gases.
The great Leiden experimentalist
Kamerlingh-Onnes (1853-1926) was
the first to liquefy helium (in 1908), and
in his Nobel lecture of 1913 he said that
he was fc'really happy to be able to
show liquid helium to my respected
friend van der Waals whose theory in
the process of liquefying this gas has
been a guide up to the very end." As
this statement demonstrates, theory
and experiment progressed together
from the beginning of molecular ther-
modynamics.

THE RECENT RENAISSANCE
OF VAN DER WAALS' IDEAS
The third great contribution of van der
Waals to molecular thermodynamics
was his work on fluid mixtures,
Molecular Theory of a System Com-
posed of Two Different Substances
(1891), in which he combined his in-
sight into the nature of interactions in
the condensed state with the elegant

formalism developed by Gibbs (1839-
1903) for classical thermodynamics. It
was in this paper that van der Waals
proposed the quadratic mixing rules
for the parameters a and b in his equa-
tion, rules that were revived in the late
1960s as part of what has been called
"the van der Waals renaissance1'. Ex-
perimental research on mixtures, as in
other areas of molecular ther-
modynamics, was greatly affected by
the theoretical work of van der Waals.
An example is research leading to the
discovery of the phenomenon of re-
trograde condensation, which was first
observed in mixtures of carbon dioxide
and methyl chloride. Van der Waals'
prediction in 1894 that a mixture would
separate into two fluid phases at tem-
peratures above the critical tempera-
ture of either pure component—a situ-
ation that Keesom and Kamerlingh-
Onnes called gas-gas immiscibility—
was first observed in 1941 by
Krichevskii in a mixture of nitrogen
and ammonia.

Most of the successful theories of
mixtures that followed owed a debt to
van der Waals' ideas. Van Laar was a 6



disciple and collaborator and, along
with Kamerlingh-Onnes, played a
dominant role in the dissemination of
the theories and techniques developed
by the Dutch school centered in
Amsterdam and Leiden. Van Laar's
theory of solutions (1906) led in turn to
the theory of regular solutions (1927-
1931) of Hildebrand and Scatchard,
which was based on the cohesive en-
ergy density or solubility parameter.

As complexity of the mixture in-
creases, the degree of empiricism
needed to make the theory work usu-
ally also increases, and a certain de-
gree of universality is lost. The ulti-
mate goal of molecular ther-
modynamics is to revert to purely
molecular properties by devising mod-
els and methods that allow a connec-
tion to be made between the ther-
modynamic properties of a mixture
and the intermolecular forces existing
in it. Molecular thermodynamics is not
a theory, but a method of approach or,
one could almost say, a way of think-
ing. Although a certain degree of em-
piricism is always present, the sounder
the theoretical background, the wider
the potentiality of the molecular ther-
modynamic approach. In a letter to
Karl Popper, Einstein once wrote that
4'theory cannot be fabricated out of the
results of observation, it can only be
invented." Popper himself has noted
that "observation is always selective.
It needs a chosen object, a definite
task, an interest, a point of view, a
problem . . . observations . . . are
always interpretations of the facts ob-
served . . . they are interpretations in
the light of theories." The value of
experiment is to provide the tools for

7 the refutation of the wrong theories.

LIQUID MIXTURES:
THEORY AND EXPERIMENT
The first attempt to correlate the ther-
modynamic properties of a dense fluid
with the intermolecular energy
parameters was made by Lennard-
Jones and Devonshire in 1937. Their
cell model was a clever effort to ac-
count for the short-range order prevail-
ing in liquids, and for a good thirty
years it played an important part in
modern statistical theories of liquids.
The cell model was later (1950) ex-
tended to mixtures by Prigogine and
his collaborators, who made the as-
sumption that there is random mixing
of the components, a hypothesis that
we now know is valid only when the
mixture is composed of molecules of
similar size. Another approach to a
theory of mixtures stemmed from the
law of corresponding states in the form
of the conformal solutions theory de-
veloped by Longuet-Higgins and
others from 1951 on.

The two approaches were, however,
in conflict: whereas the cell theory
predicted that simple liquids should
mix with a positive Gibbs energy, GE,
and a negative excess volume, VE (the
contraction of volume on mixing), the
theory of conformal solutions showed
that GE and VE should have the same
sign. Experimental evidence then
available for mixtures of hydrocarbons
seemed to indicate that the cell model
was preferable, but it was thought that
because of the nature of the approxi-
mations involved, the theories should
be tested with much simpler systems.
Simple substances, made of small
molecules, are gaseous under normal
conditions, so the need to test the
statistical theories of mixtures brought

into being a new field of experimental
research: the very accurate measure-
ment of the excess properties (' 'ex-
cess" relative to those for the ideal
solution) of mixtures of condensed
gases.

The first mixture to be studied—in
1956 by Staveley and his co-workers at
Oxford—was that of methane and car-
bon monoxide at 90.67 K. This seems
an odd choice, but both gases are
cheap, easy to handle, and made of
molecules that are similar in size and
obey the law of corresponding
states. It was found that methane and
carbon monoxide do mix with positive
GE and negative VE. During the next
ten or fifteen years, many other mix-
tures of liquefied gases, including ni-
trogen, oxygen, and the rare gases,
were studied. In particular, two liquid
mixtures of rare gases—argon-krypton
and krypton-xenon—became the stan-
dard by which theories and simulation
techniques are judged.

Perturbation theories have im-
proved the prospects for predicting the
phase behavior of fluid mixtures (see
Keith Gubbins' article in this issue).



SIMPLE STRUCTURES
AS GUIDES TO COMPLEXITY
We call simple what we know and
understand. In the late 1960s, simple
mixtures were those made up of
molecules like the rare gases, nitrogen,
oxygen, methane, and carbon
monoxide, which are spherical or
quasi-spherical. Once their problems
had been solved, attention moved on
to more complex mixtures; diatomics
were the simple molecules of the
1970s, as the small polar ones may
become the simple molecules of the
1980s. The light hydrocarbons have for
some time been considered simple, but
are they? When ethane mixes with
xenon in the liquid state, the results are
surprising: the excess properties are
negative, a sure sign of attraction be-
tween two molecules.

Step by step we are building the
complexity of the molecules we can
work with. The number of atoms in-
creases, polarity too; they become
more flexible—rotational and vibra-
tional degrees of freedom can no
longer be ignored or lumped together
in some adjustable parameter; hydro-
gen bonding may play a part in defining
the structure and properties of the mix-
ture. This is a true Cartesian approach:
to separate the complex problem into
simpler ones and deal with these one at
a time. Complexity is made of several
simplifications (or so we hope). We
must remember, too, that simple
molecules are far from being irrelev-
ant. The air we breathe is composed of
oxygen and nitrogen, and these are
simple gases; natural gas is made of
methane; the giant planets are mix-
tures of hydrogen and helium.

Cezanne taught us to look at nature

in terms of three elementary shapes—
the sphere, the cube, and the cone.
Spherical molecules like the rare
gases, tetrahedral molecules like
methane, quasi-conical molecules like
hydrogen bromide or ammonia may be
the building blocks of the world of
complexity, the basis for understand-
ing the properties of real mixtures in
chemical processes.

Jorge C. G. Calado, who is professor of
physical chemistry at the School of Chemi-
cal Engineering of the Technical Univer-
sity of Lisbon (Instituto Superior Tecnico),
is a visiting professor at Cornell s School of
Chemical Engineering. He is working here
with Keith Gubbins and William Streett
(who are also represented in this Quarterly
issue), and he conducts an advanced semi-
nar in thermodynamics. In Lisbon he
supervises a large research group working
on the thermodynamic and transport prop-
erties of fluids and their mixtures, and the
thermochemistry of organometallic com-
pounds.

Calado was born in Lisbon and
graduated with honors as Chemical En-
gineer from the university in Lisbon in

1961. After doing research in physical in-
organic chemistry in the laboratories of the
Nuclear Energy Commission in Lisbon, he
received a Gulbenkian fellowship and
studied at the University of Oxford under
L. A. K. Staveleyfor the Ph.D., granted in
1969. He was appointed to his present
position at the University of Lisbon in 1972.

He has published more than fifty papers
and, in collaboration with Streett and
Staveley, is writing a book on the ther-
modynamic properties of binary mixtures
of simple molecules. He has lectured
widely not only in the areas of his scientific
expertise, but also on his nonscientific in-
terest, opera, which he reviews for maga-
zines in England and the United States.

He is a member of professional societies
in Portugal, England, and the United
States, and was recently elected to the
Lisbon Academy of Sciences. He is active
in the International Union of Pure and
Applied Chemistry, and has served as na-
tional representative to the Committee on
Higher Education and Research of the
Council of Europe. He has served also as
executive director of the Luso-American
Educational Commission, which, as part of
the Eulbright-Hays program, plans and
administers educational exchange be-
tween Portugal and the United States.



PREDICTING LIQUID PROPERTIES

A Three-Front Assault
on a Fundamental and Practical Problem

by Keith Gubbins

The existing thermodynamic folklore
for the prediction of liquid properties
has been developed largely in response
to the needs of the oil and gas indus-
tries over the past forty years. Unfor-
tunately, not all molecules are as well
behaved as the nearly ideal petroleum
hydrocarbons; many developing en-
ergy technologies involve highly
nonideal mixtures for which the cur-
rent prediction methods fail. Coal
liquefaction and gasification, the con-
version of methanol to gasoline, en-
hanced oil recovery, hydrogen-energy
technology, the extraction of oil from
shale, the storage and processing of
liquefied natural and synthetic gases,
the production of ethanol: these are
among the processes for which better
ways of predicting the physical and
thermodynamic properties of dense
fluid mixtures are needed.

Such predictions are essential not
only for feasibility and comparative
studies of new processes, but for the
design and operation of established
ones. Much of chemical engineering
processing makes use of the physical

9 and chemical properties of liquids and

compressed gases. Reaction rates and
equilibrium yields are strongly af-
fected by the nature of the solvent
medium, for example, and the splitting
of fluid mixtures into two or more
phases of differing composition is the
basis of separation processes such as
distillation and solvent extraction.
Separation processes often account for
half the cost of a modern plant, and can
represent an even higher fraction of the
manufacturing costs. Such costs are
low when the gas or liquid phase used
for the extraction is selective for the
desired components; when selectivity
is low, costs are high.

MAKING IMPROVEMENTS IN
PREDICTION TECHNIQUES
How can chemical engineers deter-
mine the most favorable conditions of
temperature, pressure, and composi-
tion for chemical processing, or under-
stand the interaction of fluid phases in
a given system? The most reliable
method is direct experimental mea-
surement. Unfortunately, the possible
combinations of parameters are usu-
ally so numerous that this approach is

precluded except in a few cases, such
as the acquisition of data for the design
of some specific piece of equipment.

The alternative is to predict fluid
properties from a knowledge of the
molecular interactions. The methods
currently used are based largely on
theories that assume spherical or
nearly spherical molecules that inter-
act rather weakly. They predict behav-
ior not too far removed from that of an
ideal solution, in which the inter-
molecular forces for the various com-
ponents are almost the same. Factors
such as nonspherical molecular shape
and electrostatic forces are neglected.
For many purposes, such calculations
are satisfactory and they are, of
course, much less expensive than di-
rect measurements. It has been esti-
mated that with one commonly used
predictive technique, the cost of cal-
culating enthalpies, fugacities, and
densities for a multicomponent mix-
ture is about three cents per state
point.

The simplifying assumptions of
these theories make them unsuitable,
however, when anisotropic inter-



Figure

Figure 1. Three methods of studying physi-
cal properties, and the interactions among
them. Different tests of the theoretical
models are obtained by making compari-
sons between the three separate pairs of
results. For example, approximations
made in the theory can be tested by com-
paring the predictions for a given inter-
molecular force model with the corre-
sponding computer simulation. Or the
model used in the simulation can be tested
by comparison with experimental results.

molecular forces are significant. What
is needed is a molecular theory that
could be used to predict the ther-
modynamic properties of nonideal
mixtures, relating phase equilibria and
solvent effects to the underlying in-
termolecular forces. Such a theory
would find use not only in chemical
processing, but in many other fields.
Phase equilibria are involved in the
take-up of anesthetic gases by the
body, for example. They influence the
properties of oil and gas under high
pressure in deep wells, and of geopres-
sured brines used in new methods of
petroleum extraction. They occur in
planetary atmospheres.

The major advances in our under-
standing of liquid mixtures in the past
ten years have come from the devel-
opment of perturbation and other
statistical theories and from the com-
puter simulation of mixtures of pre-
cisely defined molecular models.
These two approaches are most pow-
erful when combined with experi-
mental studies (see Figure 1). For the
past four years, research in chemical
engineering at Cornell has been unique

Experiment

Force Model

Theory

Theory

Computer
Simulation

in combining all three approaches—
theory, computer simulation, and
experiment—in a comprehensive
study of liquids and liquid mixtures. I
will discuss the theoretical and
computer-simulation aspects of this
work; William Streett will describe the
experiments.

EXPLORING THE VARIETY
OF PHASE EQUILIBRIA
When fluid mixtures are nonideal,
wide variations in phase behavior are
found. The main features of this behav-
ior can be represented as phase dia-
grams showing gas-liquid, liquid-
liquid, and gas-gas phase equilibria,
critical points (state points at which
two or more phases become identical),
and three-phase regions under differ-
ent conditions of pressure, tempera-
ture, and composition. The types of
fluid phase diagrams that are most
commonly observed in binary mix-
tures are sketched in Figure 2.

In these diagrams, regions in which
two or more phases are in equilibrium
are bounded by critical lines, along
which the phases become identical.

Figure 2. The four most common classes of
binary phase behavior, depicted on a
pressure-temperature plot. Lines labeled I
and 2 are the vapor-pressure curves of the
pure components, C-, and C2 are pure-
component critical points, LLG denotes
the liquid-liquid-gas line, along which
three phases are in equilibrium, and
dashed lines show the loci of critical points.
The regions of vapor-liquid equilibrium are
shown in color, and those of liquid-liquid
equilibrium are grey. In class C the regions
merge into each other and are indistin-
guishable.

Class A is typical of many nearly ideal
solutions. The pure-component critical
points are connected by a single critical
line and separation occurs only between
vapor and liquid. Most hydrocarbon mix-
tures encountered in the petroleum indus-
try are of this type.

Class B mixtures are more nonideal.
Although the phase diagram is similar to
that of A at higher temperatures, below
some upper critical solution temperature
the liquid separates into two immiscible
layers. In such mixtures one or both of the
components are often polar solvents;
examples are n-hexane-aniline and
phenol-water. Mixtures of this type are the
basis of solvent extraction processes, and
also arise in distillation problems.

Class C mixtures are highly nonideal,
involving components with very different
inter molecular forces. The liquid tempera-
ture ranges for the two pure components
are often far apart. If we start with a class B
system and imagine that the difference in
inter molecularforces is steadily increased,
the liquid-liquid immiscible region be-
comes enlarged until it extends into the
gas-liquid critical region. At high pressures
it is not possible to distinguish among
liquid-liquid, gas-liquid, or gas-gas
equilibria. The critical lines are broken into 10
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two or more parts which cannot be clas-
sified as either gas-liquid or liquid-liquid,
and the phase diagram is more complex
than in the other classes. Several varia-
tions of class C behavior occur: critical
lines are of various types, and liquid-
liquid-gas regions are broken or bounded
at low temperatures. Many mixtures of this
type exhibit gas-gas equilibria; two phases
separate at high pressure, even though the
temperature lies above the critical temper-
ature of either of the two pure components
(that is, above C2 in the figure). Class C
mixtures, which are quite common, fre-
quently involve hydrogen, helium, and

Class D
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strongly polar fluids; examples are carbon
dioxide-water, helium-hydrogen, nitrogen-
ammonia, ethane-methanol, and methane-
hydrogen sulfide. They are used in distilla-
tion and extraction processes, including
gas absorption and extraction by supercrit-
ical solvents (in which a compressed gas is
used at a temperature above its critical
value—C-\ in the figure—to selectively dis-
solve a component from the other phase).
Mixtures of this class are also of interest in
geophysical problems, such as the behav-
ior of geopressured brines or of compo-
nents in planetary interiors. (See also Fig-
ures 3 and 4 in the article by Streett.)

Class D is similar to B in having regions
of both liquid-liquid and gas-liquid separa-
tion. It differs in that the liquid-liquid re-
gion is bounded at low temperatures (be-
low a lower critical solution temperature)
by a region of complete miscibility. Several
variations are known. In the one shown in
the figure, the liquid-liquid region extends
only up to some hypercritical point—the
point of highest pressure—above which the
fluids mix completely. In other cases, the
liquid separation continues to pressures
higher than those accessible in the labora-
tory, or it may occur at high pressures
only, being bounded by a hypercritical
point at some lower pressure. All known
class D mixtures involve water as one
component; examples are water—2-
butanol, water-methyl ethyl Ice tone,
water-2-methylpyridine. and water-3-
methylpyridine. Such mixtures, which are
among the most difficult to treat theoreti-
cally, are used industrially for distillation
and solvent extraction processes.



Right: One of the key "molecular en-
gineers" at the School of Chemical En-
gineering is Robert P. Merrill, the Herbert
Fisk Johnson Professor of Industrial
Chemistry. Merrill is directing a broad
program of research centered on the struc-
ture and chemistry of solid surfaces and the
interaction of these surfaces with gas
molecules. Atomic and molecular beam-
scattering techniques are used to probe
surface structure and to study gas-solid
collision dynamics. Processes in which
there are potential applications include
catalysis, corrosion and corrosion resist-
ance, and the aerodynamics of flight in
rarefied atmospheres.

Right below: Graduate student Katharine
Shing works with Professor Gubbins in
computer simulation studies of the phase
behavior of model fluids.

The four types represented in the fig-
ure range from the nearly ideal, in
which the intermolecular forces are
rather similar for the two constituents
(class A) to the highly nonideal (class
C), in which the components have very
different intermolecular forces. Class
D includes mixtures that exhibit
liquid-liquid phase splitting similar to
that of class B, but this phase splitting
no longer occurs at low temperatures.

LINKING MOLECULAR
AND FLUID BEHAVIOR
The problem for the theoretician is to
find a way of relating these various
forms of fluid behavior to the underly-
ing forces between molecules. The link
is statistical mechanics.

Over the past sixty years, applica-
tions of statistical mechanics to the 12



study of fluids have progressed
through a series of problems of increas-
ing difficulty. The first calculations
were for the thermodynamic prop-
erties of perfect gases—those in which
there are no intermolecular forces. For
such systems, the thermodynamic
properties can be calculated with great
accuracy from the energy levels,
which are known from spectroscopic
measurements or quantal calculations.
Large tabulations of calculated gas
properties were prepared in this way
by the Dow Chemical Company and
the American Petroleum Institute in
the 1950s and 1960s, and it is now
standard practice for chemical en-
gineers to use these values in calculat-
ing the chemical equilibria in gas
reactions.

The basis for extending theoretical
calculations to gases of moderate den-
sity, in which intermolecular forces
have an effect, was laid in 1927 by
Ursell, who expanded the gas prop-
erties in a power series in density. This
approach was further developed by
Mayer ten years later, and is now
widely used by engineers for predict-
ing the properties of gas mixtures.

The treatment of liquids and dense
fluids has proved difficult because of
the many-body interactions involved,
and because of the lack of any long-
range order. For thermodynamic
properties, the most successful ap-
proach has been perturbation theory,
in which the properties of the fluid of
interest are related to those of a refer-
ence fluid with simpler intermolecular
forces. The properties of the two fluids
are connected via an expansion in
powers of the perturbing force or po-

13 tential. The reference fluid must have

well-known properties that are not too
different from those of the fluid of
interest. The major advances of the
past twenty-five years have come from
finding perturbation schemes and re-
summation methods that enable good
results to be obtained even when the
difference between the two fluids is
rather large.

RECENT DEVELOPMENTS
IN PERTURBATION THEORY
Thermodynamic perturbation theory
was first proposed in the early 1950s,
but it was not until late in the next
decade that highly successful forms
were developed. Two theories have
been particularly successful. One uses
an ideal solution as the reference sys-
tem, and the other—more flexible but
also more difficult to apply—uses a
mixture of hard spheres.

These early perturbation theories
assumed that the molecules are spheri-
cal, although chemical processes al-
most never involve such components.
Nevertheless, these theories formed
the basis for useful prediction
methods; for mixtures of nonpolar hy-
drocarbons and simple inorganics,
they often work well. In general, it has
been found that such theories can qual-
itatively predict phase behavior of
classes A and C of Figure 2, but not B
orD.

Since 1972, interest has turned to
perturbation theories in which the
nonspherical nature of the molecules is
taken into account. The charge clouds
of most real molecules give rise to
anisotropic, short-range repulsive
overlap forces, and longer-ranged dis-
persion, electrostatic, and induction
forces between the molecules. Our

studies have shown that although each
of these force contributions can be
significant for particular mixtures, in
many cases the phase behavior is
largely determined by a combination of
effects caused by electrostatic forces
and by differences in the molecular
size of the two components. The elec-
trostatic forces arise from uneven dis-
tribution of charge within the
nonspherical molecules, particularly
in polar liquids such as water, am-
monia, and alcohols. The molecular
dipole moment provides a measure of
the nonsphericity of the charge distri-
bution and leads to a first-order esti-
mate of the electrostatic forces.

In 1976 Chris Gray, a professor of
physics at the University of Guelph, C.
H. Twu, a postdoctoral fellow at Cor-
nell, and I carried out calculations of
the phase behavior of model mixtures
containing a simple nonpolar molecule
and a polar one. By varying the
molecular diameters and the dipole
moment, we were able to reproduce
essentially all the major features of
fluid phase diagrams of classes A, B,
and C of Figure 2. If one starts from an



Figure 3. Phase behavior of class C for a
mixture of two molecules of the same size,
one of which is polar and has a (dimension-
less) dipole moment JJL*. Lines labeled 1
and 2 are the vapor-pressure curves of the
pure components. Dashed lines are critical
points. For values of fi* below 1.2, the
phase behavior is of class A or B.

ideal or near-ideal mixture of class A,
increasing the dipole moment of one of
the components causes the mixture to
become increasingly nonideal; the
phase behavior passes first to class B,
and then to class C. Some of these
results are shown in Figure 3. Similar
results are obtained with other types of
electrostatic forces over a range of size
ratios, provided that the intermolecu-
lar force between the unlike molecules
is weak. In none of these cases is phase
behavior of type D observed.

More recently, Paulette Clancy, a
research associate in our molecular
theory group, demonstrated that class
D phase behavior was predicted when
certain kinds of intermolecular forces
were assumed to act between the un-
like molecules of a mixture. These
forces had to depend strongly on orien-
tation, and had to be short-ranged—
characteristics normally thought of in
connection with hydrogen bonds and
other specific interactions between
molecules. When such forces are
"added" to a class B mixture, it is
transformed to class D (see Figure 4).
The physical explanation of this trans-
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formation is straightforward. At low
temperatures the molecules have little
kinetic energy, and the unlike
molecules arrange themselves in their
most favorable relative orientation;
the intermolecular force is therefore
strongly attractive and complete mix-
ing occurs. As the temperature is
raised, the molecules start to rotate.
This rotation prevents the free align-
ment of unlike molecules in the pre-
ferred orientations, and the inter-
molecular forces between unlike pairs
is only weakly attractive or even repul-
sive. The liquid separates into two
layers. At still higher temperatures,
the kinetic motion of the molecules
becomes so great that it dominates the
potential energy effects of the inter-
molecular forces, and complete mixing
of the two liquids occurs again.

Although quantum effects are unim-
portant in many liquid mixtures of in-
dustrial interest, they play a significant
role in synthetic fuel mixtures involv-
ing hydrogen. Perturbation methods
now available can account for these
effects at temperatures down to about
100 K (see Figure 5). Developments in

molecular theory over the past eight or
nine years have opened up the possibil-
ity of predicting a much wider range of
phase behavior. Considerable work is
still needed to obtain quantitatively
accurate results, and to develop the
theoretical framework necessary for
dealing with complex flexible
molecules and those that exhibit hy-
drogen bonding.

USING THE COMPUTER
TO SIMULATE MIXTURES
Computer simulation is another of the
three approaches we use in studying
liquid mixtures. The simulations are
constructed for small samples of the
model fluid, typically containing a
hundred to a few thousand molecules.
By comparing theory and computer
simulation for the same model of in-
termolecular forces, it is possible to
test approximations in the theory. Al-
ternatively, comparisons of simulation
and experiment test the intermolecular
force models used in the simulations
without uncertainties arising from
other theoretical approximations.

In carrying out a computer simula- 14
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tion, the equation describing the in-
termolecular forces is precisely
specified, and surface effects are
minimized by the use of periodic
boundary conditions, in which the
basic cell containing the sample (usu-
ally a cube) is surrounded by replicas
of itself. For most problems it is found
that these small samples faithfully rep-
resent the properties of macroscopic
systems containing on the order of 1023

molecules. Exceptions include studies
of the region near the critical point,
surface waves, and systems in which
quantum effects are dominant (when
quantum effects are small, they can be
included by a perturbative treatment).

Two simulation procedures have
been widely used—the Monte Carlo
technique, first applied to fluids by
Metropolis, Rosenbluth, Rosenbluth,
Teller, and Teller in 1953, and molecu-
lar dynamics methods, first used by
Alder and Wainwright in 1957.

The Monte Carlo technique is lim-
ited to the evaluation of equilibrium
properties, but it has an advantage in
that the independent variables used to
represent the system can be varied at
will—a useful feature when mixtures
are being studied. Since mixing pro-
cesses are usually carried out at fixed
temperature T and pressure P, it is
often convenient to carry out the simu-
lation at fixed T, P, and N (the number
of molecules). Sometimes, instead, it
is convenient to take temperature,
volume, and chemical potential as the
independent variables. The many-
dimensioned integrals that arise in
statistical mechanical averaging are
evaluated by sampling using random
numbers. The method also makes use
of importance sampling: if the usual

Figure 4(a)
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Figure 4. Phase diagrams for model mix-
tures involving a nonpolar with a polar
jluid. The lines labeled I and 2 are the
vapor-pressure curves of the pure compo-
nents. The colored and grey areas corre-
spond to vapor-liquid and liquid-liquid
equilibria, respectively.

Many such mixtures are of class B, the
type shown in (a). The tie-line connects two
coexisting liquid phases of different com-
position; as the temperature is lowered, the
miscibility gap between these phases in-
creases. In such mixtures the intermolecu-
lar forces between unlike molecules are
relatively weak.

If however, an inter molecular force act-
ing between the unlike molecules is short-
ranged and strongly dependent on molecu-
lar orientation, then the class D behavior
represented in (b) results. Below some
lower critical solution temperature, the liq-
uids again mix completely. Mixtures of
water with amines and alcohols often be-
have in this way.

Figure 5. Comparison between experi-
mental data (circles) and theoretical pre-
dictions at 100 K, where quantum effects
are significant. The calculation according
to perturbation theory (solid line) accounts
for these effects, as well as for anisotropic
inter molecular forces. The dashed line is
predicted by the Redlich-Kwong, a com-
monly used engineering equation of state
that does not take such effects into
account.
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canonical variables T, V, and N are
used, the probability of any particular
configuration with energy U is propor-
tional to the Boltzmann factor
exp(-U/kT), and a chain of configura-
tions can be generated in such a way
that configurations of energy U appear
with a frequency proportional to this
factor.

The molecular dynamics approach
involves the numerical solution of the
Newtonian equations of motion for
each of the molecules in the sample.
With the system's total energy, vol-
ume, and number of molecules taken
as constant, the properties of the sam-
ple are evaluated by time-averaging
over the molecular coordinates and
velocities. The great merit of this
method is that transport processes and
other time-dependent phenomena can
be studied. The equations of motion
are solved in a series of time steps,
each corresponding to a real time
interval of about 1O~14 or 1O~15 sec-
onds. Simulations executed with
present-day computers usually involve
a few thousand time steps, but runs of
as many as 100,000 steps have been
carried out. This means that processes
having a lifetime of 10"10 or, at the
most, 10^9 seconds can be studied with
current computers. A wide variety of
interesting molecular phenomena oc-
curs in this time range.

The computer-simulation research
conducted during the 1950s and 1960s
was concerned mainly with highly
simplified fluids composed of simple
spherical molecules. Most of the calcu-
lations made in the United States dur-
ing this period were carried out by a
few scientists working in government
laboratories, where they had access to

large computers. In the past ten years,
however, investigations of this kind
have spread to university laboratories,
and computer-simulation methods
have been used in a wide range of
studies. These include research on liq-
uid mixtures, interfacial properties,
adsorption of gases on solids, spinodal
decomposition, solid structures and
fracture, molten salts, ionic solutions,
polymers, and nucleation. The recent
rapid development of minicomputers
and array processors will ensure the
continued expansion of the use of
simulation techniques, as many re-
search groups acquire dedicated com-
puters that are tailored to their particu-
lar requirements.

In the early 1970s simulations of
mixtures of simple liquids having class
A phase diagrams (as characterized
in Figure 2) were carrried out by
McDonald and Singer at the Univer-
sity of London. At the time there were
many theories of liquid mixtures, each
with its own advocates, and the results
of the simulation provided the first
unambiguous way of testing these
theories. Several were found to be
very poor; the apparently satisfactory
results that had been obtained in com-
paring theory and experiment arose
from a fortuitous cancellation of errors
in both the force model and the theory
itself. Two versions of perturbation
theory were found to give good results,
and the simulations showed their re-
gions of validity. Simulation had made
possible clear-cut tests of a variety of
theoretical models—tests that re-
quired only a few months to complete
and that would not have been possible
with experimental data alone.

At Cornell we are interested in ap- 16



plying computer simulation techniques
to the study of liquids composed of
nonspherical molecules. Such calcula-
tions are time-consuming because the
computer must keep account of
molecular orientation variables as well
as positions, but two recent innova-
tions have led to an increase in comput-
ing speed by a factor of 5 to 10, allow-
ing simulation methods to be extended
to more complex molecules. The first
innovation involves the use of quatern-
ions as variables to describe molecular
orientations in place of the more usual
Euler angles; this technique was de-
veloped by Denis Evans, a research
associate, and Sohail Murad, a doc-
toral candidate. The second involves
the use of different time steps for
molecular pairs at different separation
distances; it was worked out by Wil-
liam Streett and Dominic Tildesley, a
research associate, in collaboration
with Graham Saville of the University
of London.

In the past two years, molecular
dynamics calculations have been car-
ried out for a variety of simple hydro-
carbons and polar fluids, and work is
beginning on phase equilibria in mix-
tures. The calculations for the mix-
tures require specialized techniques,
since the usual molecular dynamics
and Monte Carlo methods do not give
the free energy directly. In the case of
the Monte Carlo approach, this is be-
cause the importance sampling does
not provide adequate representation of
the configurations that dominate in the
free-energy calculation. It is possible,
though, to weight the sampling in such
a way that it covers the desired config-
urations, and this provides a route to

17 the free energy. This and related

methods are being used by Katharine
Shing, a doctoral candidate, to study
the phase behavior of model fluids.

Computer simulation is of particular
value in the study of fluid properties
that are inaccessible by direct experi-
mental measurements. Many proper-
ties of surfaces are in this category—
the arrangement and orientation of
moleucles near a gas-liquid or solid-
liquid interface, for example, or the
adsorption of particular components in
the surface layer, the behavior of sur-
factants, and the diffusion of solutes
along the surface and perpendicular to
it. Our molecular dynamics studies of
liquid surfaces, which were initiated
by Steve Thompson, a research as-
sociate, are beginning to throw light on
several of these problems.

THE LEADING EDGE
OF CORNELL RESEARCH
Our research is satisfying and exciting
because it is both practical and funda-
mental. A comprehensive molecular
theory, developed with the help of
advanced experimental and computing
facilities, will be extremely useful
wherever phase equilibria are
significant—in fields such as medicine,
geophysics, and astronomy, as well as
in chemical processing. In a more fun-
damental sense, such a theory will help
us relate the way in which gases and
liquids mix and separate to the prop-
erties of the molecules themselves.

In the decade ahead, we can look
forward to the application of theory
and simulation to progressively more
complex liquids. The major advances
are likely to come through a combined
approach, in which theory, simulation,
and experiment are used together.

Keith Gubbins joined Cornells chemical
engineering faculty as the Thomas R.
Briggs Professor of Engineering in 1976,
and since then has developed an active
research program in the thermodynamic
properties of liquids and liquid mixtures.

Gubbins was born in England and edu-
cated at the University of London, earning
the B.Sc. degree in chemistry, with first
class honors, at Queen Mary College in
1958, the Postgraduate Diploma in Chemi-
cal Engineering from King's College in
1959, and the Ph.D. in chemical engineer-
ing from King's College in 1962. He has
held appointments at Imperial College,
London; the University of Guelph, On-
tario, Canada; the University of Kent,
England; and the University of Florida.

His publications include several books
and chapters on statistical mechanics, as
well as numerous papers, and he has
served as a reviewer for a dozen profes-
sional and scientific journals and organiza-
tions, including the National Science
Foundation. He is a member of the Chemi-
cal Society and the Institution of Chemical
Engineers in England, as well as the Amer-
ican Institute of Chemical Engineers and
the American Chemical Society.



FLUIDS AND THEIR PHASES

Experimental Studies at High Pressures

by William B. Streett

Our world consists of mixtures of
chemicals, and many of the natural and
man-made processes we experience or
encounter as we live and conduct our
affairs in this world involve the trans-
fer of substances from one mixture to
another. Such transfer occurs in the
atmosphere, in the growth of crops, in
our automobile engines, even in the
chemical and physical processes that
take place within our bodies. It is,
indeed, fundamental to the evolution
of our planet and its ecology, and of
worlds beyond.

The transfer of substances from one
mixture to another is often the result of
contact between two phases, and an
important limiting condition is a state
of equilibrium in which net transfer
ceases and the compositions of the
phases no longer change. This state of
equilibrium is the subject of an estab-
lished scientific discipline: phase
equilibrium thermodynamics. Those
of us who work and study in this sci-
ence seek to establish the relations
among various properties—particu-
larly pressure, temperature, and phase
composition—that are exhibited at the

state of equilibrium. Far from being
abstract, this study has many applica-
tions in the biological, atmospheric,
marine, and geological sciences, and
forms the basis of many common en-
gineering processes, such as distilla-
tion, extraction, leaching, and absorp-
tion.

At Cornell's School of Chemical
Engineering, a research program in
molecular thermodynamics (the sub-
ject of several articles in this Quarterly
issue) includes high-pressure studies
of the physical and thermodynamic
properties of fluids. This is the area in
which my group is working. Specifi-
cally, our current experiments are
pressure-volume-temperature (PVT)
studies of pure and mixed fluids, and
phase-equilibrium studies in fluid mix-
tures; measurements of the heats of
mixing of liquefied gases (at low pres-
sures) will be added in the coming
year. Our high-pressure equipment
enables us to study fluids at pressures

up to 1,000 MPa*, and at temperatures
in the range of 70 to 500 K (-200 to
+ 225 C).

What do we expect to accomplish?
The main object is to provide wide-
ranging, accurate data that can be used
to test and refine molecular theories of
liquids. This aspect of the work is
discussed by Keith Gubbins in his
paper in this issue. We are also provid-
ing data for the design of industrial
processes. Gases at supercritical pres-
sures, for example, might be used to
extract desirable or undesirable con-
stituents from agricultural products—
cocoa butter from cocoa beans or caf-
feine from coffee—without the need
for solvent distillation. A third object
of our program is to explore patterns of
phase behavior in fluid mixtures at
high pressures. This has fundamental
importance because the application of
pressure is the most direct means of
changing the distance between neigh-
boring molecules in condensed matter,

*In the SI system the unit of pressure is the
Pascal (Pa), which is the force of one
Newton per square meter. A common unit

for high-pressure work is the megapascal
(I MPa = 106 Pa); one MPa is approxi-
mately 10 atmospheres, or about 150 psi. 18



". . . thermodynamic studies of liquids
are undergoing still another revival
as a result of the energy crisis/'

and thereby exploring the nature and
effects of short-range intermolecular
forces. Knowledge of phase behavior
at high pressures is valuable also for
what it can reveal about our
universe—about processes such as the
evolution of the atmospheres and
internal structures of the giant planets.

THE HISTORY OF INTEREST
IN FLUIDS UNDER PRESSURE
Scientific interest in the properties of
fluids under pressure can be traced to
the first demonstration, in 1764, that
water is compressible. By the end of
the nineteenth century, techniques had
been developed for producing and
measuring pressures up to about 400
MPa. The experiments of that period
were concerned chiefly with attempts
to get consistent values for the com-
pressibilities of liquids, and to liquefy
the so-called permanent gases (air, ni-
trogen, hydrogen, etc.)

Among the early experimentalists in
high-pressure physics was an Ameri-
can, Jacob Perkins, who used a cannon
as the containing vessel and checked

19 his pressure measurements by sinking

the apparatus into the sea to known
depths. In the late nineteenth century,
important contributions were made by
L. Cailletet and E. H. Amagat in
France, who relied, in their early
work, on long mercury columns in
open steel tubes to obtain accurate
pressure measurements. Some of
these tubes were constructed inside
the Eiffel Tower, but for the highest
pressures, about 40 MPa, a tube more
than a thousand feet long was con-
structed in a mine shaft. The discovery
of critical phenomena in fluids, which
was made by T. Andrews in 1861,
attracted wide attention and led to
intensified efforts to liquefy the ' 'per-
manent" gases. Oxygen was first
liquefied in 1877, hydrogen in 1898,
and helium in 1908. In 1873 J. H. van
der Waals published his famous thesis
on the continuity of gaseous and liquid
states.

Modern high-pressure research
began in the first decade of this century
with the work of P. W. Bridgman at
Harvard University. His discovery of
a simple and reliable method for con-
structing leak-free closures in valves

and pressure vessels—using what he
called the "principle of the unsup-
ported area"—enabled him to reach
pressures as high as 5,000 MPa. He
concentrated on pure fluids, carrying
out systematic measurements of
pressure-volume-temperature (PVT)
relations, melting phenomena, thermal
conductivity, and viscosity. He was
awarded the Nobel Prize in physics in
1946.

Early studies of fluid mixtures re-
vealed new phenomena that are not
present in pure fluids. The most impor-
tant of these are new types of phase
equilibrium that arise from the extra
degrees of freedom introduced by the
possibility of varying the proportions
of the components. In 1876 J. W. Gibbs
of Yale University derived a simple
relationship—known as the Gibbs
phase rule—between the number of
phases in equilibrium, the number of
components, and the number of inde-
pendent intensive variables required to
completely describe the equilibrium
state of a heterogeneous system. The
phase rule, one of the crowning
achievements of classical ther-



modynamics, brought order to what
had been a bewildering variety of
seemingly unrelated types of phase
equilibrium in multicomponent mix-
tures, and its discovery was followed
by a period of intensive experimental
study of fluid-phase equilibria, lasting
until about 1915. (Among the scientists
who took an early interest in the phase
rule was W. D. Bancroft, a chemistry
professor at Cornell, who published
the first book on the subject, The
Phase Rule, in Ithaca in 1897.)

The revolution in scientific thought
that began with the quantum hypothe-
sis soon captured the attention of the
scientific world, however, and led to a
decline in interest in experimental
thermodynamics. Much of what had
been learned in the early years about
phase behavior in fluids under pres-
sure gradually disappeared from the
literature of physics and chemistry. A
revival of interest in experimental
thermodynamics of fluids was brought
about by the growth of chemical
technology in the second quarter of
this century, especially in the natural
gas and petroleum industries. Many

Figure 1. A pressure-temperature phase
diagram for a pure substance. AB, AC, and
AD are, respectively, the sublimation,
vapor-pressure, and melting curves; each
is a boundary separating two single-phase
regions and each represents an equilibrium
between two phases. Point A is the triple
point, at which all three phases coexist in
equilibrium. C is the critical point, at which
coexisting gas and liquid phases become
identical. As far as is known, the melting
curves of ordinary substances continue
upward indefinitely and do not end in a
fluid-solid critical point.

properties of multicomponent phase
diagrams were rediscovered and
further explored by chemical en-
gineers, and the number of fluid sys-
tems subjected to study was greatly
expanded.

Now, after a period of decline in the
1960s and early 1970s, thermodynamic
studies of liquids are undergoing still
another revival as a result of the energy
crisis. New experimental data and im-
proved prediction methods are needed
to support further developments in
such fields as tertiary oil recovery,
liquefaction and gasification of coal,
hydrogen-energy technology, and the
manufacture of synthetic fuels.

INTERPRETING DATA
ON PHASE EQUILIBRIA
In work with processes involving
phase equilibria, experimental infor-
mation may be interpreted by means of
a phase diagram. This defines the
physical conditions, such as tempera-
ture, pressure, volume, and composi-
tion, under which the various gas, liq-
uid, and solid phases exit alone or in
equilibrium with other phases. The

simplest phase diagram represents the
phases of a pure substance as they
exist in a system in which two
variables—such as pressure and
temperature—change over a range of
values. An example is shown in Figure 1.

The dimensions in the geometry
needed to describe a phase system are
called the degrees of freedom. The
number of degrees of freedom, F, of a
system of c components and p phases
is given by the Gibbs phase rule:

F = c +2 - p.
A one-component system of two
phases has one degree of freedom; if
the temperature of a gas-liquid mixture
is fixed arbitrarily, there is only one
pressure (the vapor pressure) at which
the two phases can coexist. If we con-
sider the variables pressure, volume,
and temperature, the behavior of a
pure fluid can be described in three-
dimensional PVT space, with a single
phase represented by a surface, two
coexisting phases by a pair of lines,
and three coexisting phases by a triplet
of points.

Each additional component added to
the system adds another degree of 20
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freedom; as a result, multicomponent
phase diagrams rapidly become com-
plex and difficult to interpret. Conven-
ient variables for the study of binary or
two-component systems (the main
subject of our experimental research at
Cornell) are pressure, temperature,
and phase composition (PTX). A thor-
ough discussion of two-component
phase diagrams is an exercise in de-
scriptive geometry, requiring the visu-
alization of lines and surfaces in
three-dimensional PTX space, and is

21 beyond the scope of this article. The

discussion here is limited to a descrip-
tion of our experimental methods and
to a few remarks about the resulting
phase diagrams and the uses of high-
pressure phase-equilibrium data.

THE EXPERIMENTS
AT HIGH PRESSURE
Phase equilibrium experiments on bi-
nary mixtures are carried out in re-
gions of PTX space where gas and
liquid phases coexist. In accord with
the phase rule, a system of two com-
ponents and two phases has two inde-

Figure 2. Schematic diagram of a high-
pressure phase-equilibrium apparatus.
The heart of the system is the closed loop of
high-pressure tubing inside the thermostat,
connecting the pressure cell and the mag-
netic pump.

To begin an experiment, the temperature
of the thermostat is fixed and a measured
amount of the less volatile component is
added so that the pressure cell is about half
filled with liquid. The second component is
added to raise the pressure to the desired
value and equilibrium is established by the
action of the magnetic pump, which with-
draws the gas phase from the top of the cell
and bubbles it through the liquid at the
bottom. After equilibrium is established
(usually within ten to fifteen minutes),
samples of the two phases are withdrawn
through stainless steel capillary sampling
lines and analyzed for composition by a
thermal conductivity analyzer or gas
chromatograph. The liquid and gas com-
positions are plotted on a PX diagram (see
Figure 3) to form two lines, representing
the saturated gas and liquid phases at a
fixed temperature. Subsequent mea-
surements are made after the addition of
small amounts of one or both components
to increase the pressure.

pendent intensive properties, and the
two coexisting phases are represented
in PTX space by two surfaces. Exper-
imentally, these surfaces are located
by fixing the temperature and measur-
ing the compositions of coexisting gas
and liquid phases as a function of pres-
sure. A diagram of the apparatus is
shown in Figure 2. An example of the
experimental results is shown in Fig-
ure 3, an isothermal PX diagram show-
ing the region of phase separation.

If several isotherms such as the one
in Figure 3 are plotted on a single PX



Figure 3. Pressure-composition diagram
showing an isotherm for a binary mixture
of pure components A and B. A is a liquid
and B is a supercritical gas. Po is the vapor
pressure of component A. XB is the mole
fraction of component B.

The area to the left of the saturated liquid
line represents a homogeneous liquid
phase and the area to the right of the
saturated gas line represents a homogene-
ous gas phase. Any point between the two
lines represents a two-phase mixture. Point
2, for example, describes a mixture of
overall composition X2 and pressure P2

which separates into a liquid phase of
composition X3 (point 3) and a gas phase of
composition X4 (point 4). The line 3-2-4 is
called a tie line, and the lengths of the
segments 2-4 and 3-2 are proportional to
the quantities of liquid and gas in the
mixture.

If component A is a liquid and compo-
nent B is a gas at the temperature of the
experiment, the gas-liquid phase separa-
tion often ends in a mixture critical point,
C, where the two phases become identical;
in this case, a single homogeneous fluid
phase exists at higher pressures. In other
cases, the gas-liquid region is terminated
by solidification of the less volative com-
ponent, resulting in a region of gas-solid
phase separation at higher pressures.

diagram, they describe the three-
dimensional PTX surfaces in the same
way that contour lines describe land
relief on a topographic map. Mea-
surements over a wide range of pres-
sures and temperatures provide the
information needed to construct a
three-dimensional PTX diagram. A
schematic drawing of the PTX diagram
of a two-component mixture in which
one component is a liquid and the other
is a supercritical gas (in the tempera-
ture range of interest) is shown in
Figure 4.

Supercritical Fluid Phase

Region
of Phase

Separation

Composition, XE

It may be noted that in comparing
the several states of matter, a clear
distinction can be drawn between the
crystalline solid state, on the one hand,
and the fluid states, liquid and gas, on
the other. The distinction between liq-
uid and gas states for a pure substance
exists only at pressures and tempera-
tures below the critical point (point C
in Figure 1); this is in the range of 5 to
10 MPa for many ordinary liquids. In
mixtures, two or more fluid phases
have been observed to coexist at pres-
sures as high as 1,500 MPa, and in

many cases no clear distinction be-
tween kkgas" and "liquid" phases can
be made. Recent experiments have
shown that at high pressures there are
continuous transitions between phase
separations of the gas-liquid, liquid-
liquid, and gas-gas types.

Our group of researchers working in
this area of high-pressure studies in-
cludes two graduate students: Jose
Machado is making PVT mea-
surements of pure methanol and of
mixtures of hydrogen and methane,
and Elaine Chang is studying the
vapor-liquid phase equilibrium of the
methanol-dimethyl ether system.
(These studies of methanol and its mix-
tures are providing data for the design
of equipment for converting methanol
to gasoline in a process under devel-
opment by the Mobil Corporation.)
Also with us this year is Jorge Calado,
a visiting professor from the Univer-
sity of Lisbon (and the author of an
article in this issue), who is collaborat-
ing with me in making PVT mea-
surements of liquid ethylene and liquid
carbon tetrafluoride, and in studying
the vapor-liquid equilibria in mixtures
of krypton and xenon, krypton and
methane, and krypton and ethane.
Another current member of our group
is John Zollweg, a visiting professor
from the University of Maine (who
received his Ph.D. in chemistry from
Cornell in 1967); he is collaborating
with me in the design and construction
of a new apparatus for measuring the
heats of mixing of liquefied gases.

SUPERCRITICAL GASES
FOR EXTRACTION PROCESSES
The most important engineering appli-
cation of high-pressure phase-equilib- 22
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rium data is in the relatively new field
of extraction with supercritical gases.
This process combines, to some ex-
tent, the characteristics of both distil-
lation, which depends on differences in
volatility, and extraction, which de-
pends on differences in the solubility of
a solute in two immiscible solvents.

The development of industrial
methods for separating substances
with the use of supercritical gases
began in West Germany in the early
1960s when it was discovered that
supercritical ethylene gas is capable of

dissolving large quantities of low-
boiling or relatively nonvolatile mate-
rials. It has since been found that many
supercritical gases dissolve non-
volatile materials selectively, and can
therefore be used to separate such
substances from mixtures. The ability
of supercritical solvents to dissolve
nonvolatile materials is strongly de-
pendent on the solvent density, which
can be varied within wide limits by
changing pressure and temperature.
The material taken up by the supercrit-
ical phase is recovered by decreasing

Figure 4. Schematic three-dimensional
drawing of the PTX diagram of a binary
mixture in which one component is a liquid
and the other is a supercritical gas in the
temperature range of interest.

The lines AC and AD in the near PTface
of the diagram are the vapor-pressure and
melting curves of the pure liquid compo-
nent. The planes Tj-T3 are isotherms and
P1-P2 tire isobars, in which the tinted and
shaded areas are regions of phase separa-
tion. The boundaries of these areas are
lines cut by planes of constant Tor P in the
pairs of surfaces that describe the coexis-
tence of two phases.

The surface AFGBEA contains three
lines, AE, AB, and AFG, that describe the
coexistence of three phases—the solid
phase AE, the liquid phase AB, and the gas
phase AFG. The critical line CC starts
from the critical point C of the less volatile
component and moves, with increasing
pressure, first to lower temperatures and
then to higher ones; phase separations
(isotherm T3) occur above the critical tem-
peratures of both components. Since these
phase separations occur in regions in
which the pure components are gases, they
are often referred to as gas-gas equilibria
or as having limited miscibility in the gas
phase.

the density, either by reducing the
pressure at constant temperature or by
raising the temperature at constant
pressure. After separation, only re-
compression of the gas is needed; sol-
vent distillation, which is required in
conventional extraction processes, is
unnecessary.

These methods have been applied to
such diverse problems as the extrac-
tion of liquids from coal using super-
critical toluene, the separation of cod-
liver oil into as many as fifty fractions
using supercritical ethane, and the



separation of both valuable and unde-
sirable constituents from agricultural
products, such as hops, spices, soy-
beans, tea, coffee, and tobacco, using
supercritical carbon dioxide. For
example, supercritical carbon dioxide
is now used to remove cocoa butter
from cocoa beans, soybean oil from
soybeans, and many essential oils from
spices, and to remove nicotine from
tobacco and caffeine from coffee. Un-
like many organic solvents, the carbon
dioxide itself poses no significant
health hazards either during use or in
the finished products.

STUDIES OF THE GREAT
GASEOUS PLANETS
Another use of high-pressure phase
equilibrium data that has interested me
is in the study of the deep atmosphere
and interior structures of the giant
planets—Jupiter, Saturn, Uranus, and
Neptune.

Because of their low densities, these
bodies are known to be composed
mainly of light gases, principally hy-
drogen and helium in Jupiter and
Saturn. Methane and ammonia were

detected from analyses of the absorp-
tion spectra of these bodies in the
1930s, and many other gases have been
identified from data returned by the
Pioneer and Voyager space probes.
For many years astronomers used
models of pure hydrogen as a basis for
studying the interior structures of
these bodies; however, because the
phase behavior of multicomponent gas
mixtures is far more complex than that
of pure gases, the physical structure
and hydrodynamic behavior of planets
composed of mixtures of gases may be
more complex than these simple mod-
els have suggested. A descent into the
atmosphere of one of these bodies
would lead through a sequence of
states characterized by increasing
pressure and temperature. (Current es-
timates are that the central tempera-
ture and pressure of Jupiter are about
ten thousand degrees Kelvin and thirty
million atmospheres.) The question of
the existence of solid surfaces in these
bodies—indeed, the broader questions
of their overall interior structures—
can be properly dealt with only if one
takes into account the heterogeneous
phase equilibria of the gas mixtures of
which they are composed.

Experimental evidence, as well as
theoretical calculations based on em-
pirical and statistical mechanical
methods, suggests that gas-gas phase
separations at high pressures and tem-
peratures are the rule rather than the
exception in mixtures in which the
forces between unlike molecules are
relatively weak. In mixtures such as
hydrogen-helium, helium-methane,
and helium-ammonia, these gas-gas
phase separations may well extend to
the limits of stability of the molecular

phases. This possibility carries several
implications for planetary structures.
First, if conditions favoring these sep-
arations exist deep within the atmo-
spheres of the outer planets, gravita-
tional separation of phases of different
compositions and densities must be an
important factor in the physical struc-
ture and hydrodynamic behavior of the
dense fluid layers. Second, such sep-
arations would constitute a mechanism
for the gravitational separation of the
gaseous components of the outer
layers. This means that the composi-
tions of their upper atmospheres may
not be representative of the fluid layers
or of the planets as a whole. The ob-
served partial miscibility of dense fluid
hydrogen and helium and the low solu-
bility of fluid helium in solid hydrogen
suggest that significant discontinuities
in helium concentration can occur
across the boundaries at which phase
transitions occur within the planets.

In a single-component system, melt-
ing pressure is a unique function of
temperature; in a single-component
planet, in which temperature is a func-
tion only of radius, one could expect to
encounter transitions between fluid
and solid states wherever the pres-
sure-temperature path of the interior
crosses the melting curve. In mul-
ticomponent systems, on the other
hand, each additional component adds
another degree of freedom to the con-
ditions of equilibrium, enabling two or
more phases to coexist over extended
regions of pressure-temperature space,
or, in other words, over extended
radial distances within the planet. In a
hydrogen-helium planet, for example,
phase transitions might be expected to
occur approximately at pressure- 24
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temperatuje points where the equation
of path crosses three-phase lines,
which are two-component analogs of
the melting curves of single-compo-
nent systems.

Fora model of pure hydrogen, there
is no ambiguity about relative densities
across two-phase boundaries. It fol-
lows from the principle of Le Chatelier
that the phase stable at higher pres-
sures is the more dense phase. This is
not always the case in mixtures, be-
cause composition is an important fac-
tor in the relative densities of different

phases. At high pressures, where there
is little free space between the
molecules, the phase richest in the
component with the highest molecular
weight is almost certain to have the
highest density. Among the light gases,
there is, in general, an inverse relation
between volatility and molecular
weight: the lower the molecular
weight, the greater the volatility. Ac-
cordingly, for most binary mixtures of
light gases, the normal density relation
between phases applies: the order of
increasing density is gas, liquid, solid.

Voyager 2 images of Jupiter show the
atmospheric complexity of the planet.
Studies of the atmospheres and interior
structures of the giant gaseous planets
draw on knowledge of phase equilibria in
gas mixtures.

Left: The region near the Great Red
Spot, photographed from a distance of 6
million kilometers.

Left below: The southern hemisphere,
photographed from 12 million kilometers.
The satellite is lo, about the size of Earth's
moon.

(Photographs courtesy of NASA.)

The hydrogen-helium system is one of
a number of known exceptions to this
general rule. (Some others are carbon
dioxide-water, argon-ammonia, and
neon-methane.) The more volatile
component, helium, has a molecular
weight about twice that of hydrogen,
but the molecules are of comparable
size. As a consequence, pure helium is
more dense than pure hydrogen by a
factor of two or more over most re-
gions of PT space.

A reversal in the relative densities of
two coexisting phases in the hydro-
gen-helium system was first observed
in 1906 by Kamerlingh-Onnes, the man
who first liquefied helium, when he
pressurized liquid hydrogen with
helium gas at about 20 K. He found
that when the pressure was raised to
about 40 bars, the liquid hydrogen rose
and floated on top of the helium gas.
Similar density inversions occur be-
tween solid and fluid phases in a
hydrogen-helium mixture at high pres-
sures; the density of solid hydrogen
can be more or less than that of the
hydrogen-helium fluid from which it
separates. In a gravitational field, solid



hydrogen would seek the level at
which its density is equal to that of the
surrounding fluid, and this could lead
to a layer of solid hydrogen floating in
dynamic and thermodynamic equilib-
rium within a sea of helium-enriched
fluid. This concept has been used as a
basis for a model, called the Cartesian
diver model, for the Great Red Spot of
the planet Jupiter.

The temperature at Jupiter's cloud
tops is about 150 K, and it is known to
increase with depth because there is a
net outward flow of heat from the
interior. Data obtained from the
Pioneer and Voyager spacecraft
suggest that temperature increases rel-
atively rapidly compared to pressure,
and that the planet may be fluid
throughout—that is, that the increase
of temperature with depth is rapid
enough to prevent pressure-induced
solidification, at least in the molecular
phases of hydrogen and helium. How-
ever, it has long been thought that at
pressures of the order of one or two
million atmospheres, hydrogen col-
lapses into a more dense metallic
phase; if this is the case, it is likely that

the deep interior of Jupiter consists
largely of metallic hydrogen. Fluid mo-
tions in this electrically conducting re-
gion produce a magnetic field in Jupiter
in much the same way that motions in
Earth's iron core produce the terres-
trial magnetic field.

It is difficult for us to comprehend an
environment like that of Jupiter, so
different from our own. Our familiar
world exists within very narrow con-
fines of pressure, temperature, and
composition, and we are accustomed
to the physical changes that occur
within this narrow range—to the freez-
ing of water and thawing of ice, the
boiling of liquids, the dissolving of salt
in water. But outside the confines of
our normal environment are other re-
gions of less familiar separations and
transformations. Imagination and ap-
propriate inquiry can lead us to them.

William B. Streett joined the staff of the
School of Chemical Engineering in 1978 as
a senior research associate, and he partic-
ipates in the teaching program as well. He
came to Cornell from the U.S. Military
Academy at West Point, where he had been
a member of the faculty for most of his
twenty-three years of active military ser-
vice. He founded the Science Research
Laboratory at West Point in 1969 and
served as its director until 1978, when he
retired from the Army with the rank of
colonel.

Streett was graduated from the
Academy in 1955 and subsequently took
graduate work in mechanical engineering
at the University of Michigan, which
awarded him the M.S. degree in 1960 and
the Ph.D. in 1963. During his tenure at
West Point, he taught courses in chemis-
try, astronomy, and physical geography.

His research interests are in experi-
mental studies of fluids at high pressures,
and computer simulation studies of
molecular liquids. He is the author of more
than sixty research papers and is currently
co-directing several research programs in
these fields with Keith Gubbins (the author
of another article in this issue).

Streett spent two years as a visiting
research fellow in chemistry at Oxford
University: in 1966-67 as a NATO fellow
and in 1974-75 as a Guggenheim fellow. He
is a member of the American Chemical
Society and of the Chemical Society of
Britain. 26



BETTER POLYMER PRODUCTS

A Challenge for Molecular Engineers

by Claude Cohen

They are called macromolecules,
polymers, or simply giant molecules;
and their importance is matched only
by their ubiquity. From the biologi-
cally crucial DNA molecules with their
intricate function in the regulation and
reproduction of living cells to the syn-
thetic polystyrene molecules in the
familiar coffee cups and supermarket
egg trays, macromolecules are every-
where, sustaining life and contributing
to our comfort and well-being.

Macromolecules are distinguished
by their huge size and mostly linear
chain structure. Because they are so
large, they do not volatilize unless
decomposed, and so exist only in solu-
tion or in the bulk state, which at
ordinary temperatures may be a vis-
cous rubber-like liquid or a solid. The
extremely high viscosity of concen-
trated solutions or pure polymer melts
is a result of the intertwining of the long
chains; the tangled mass of molecules
has been compared to a dish of cooked
spaghetti.

The fact that polymeric materials
consist of giant molecules was estab-

27 lished only in the second quarter of this

century, on the basis of work by the
German chemist Hermann Staudinger.
The discovery of what Staudinger
called 44 macromolecules"—in the
good German tradition of polymerizing
words—earned him the Nobel Prize in
chemistry in 1953. (Twenty-one years
later, the American chemist Paul Flory
received the Nobel Prize for his exten-
sive research in the structure, charac-
terization, and physical properties of
polymers.) Synthetic polymers, and
the industry based on them, existed
long before Staudinger made his dis-
covery, however. At the 1862 Interna-
tional Exhibition in London, a British
chemist and metallurgist, Alexander
Parkes, displayed several decorative
and useful articles made by modifying
natural cotton cellulose. The first truly
man-made polymer appears to have
been synthesized in 1908 in Yonkers,
New York, by Leo Baekeland, who
reacted two monomeric liquids,
phenol and formaldehyde, to obtain a
tough, resilient material he called
Bakelite. The first molded mass-
produced telephones and several radio
components were made of Bakelite.

Today more than forty families of
plastics have been developed; they are
used for automobile parts and compo-
nents, boat hulls, construction mate-
rials, electrical and electronic compo-
nents, packaging, textiles, paints,
adhesives, surgical implants, and a
large number of consumer items such
as luggage, toys, and brushes. It is not
surprising, in view of this proliferation
of products, that research in polymers
goes on in three engineering schools or
departments at Cornell (Chemical,
Materials Science and Engineering, and
Mechanical and Aerospace), as well as
in the Departments of Chemistry,
Physics, and Design and Environ-
mental Analysis.

One of my research interests is the
use of molecular concepts in interpret-
ing the structures that develop in
polymers during processing. This is an
application of molecular engineering
that contributes to our understanding
of polymer processes and leads to
methods for improving them. Two
types of polymer processes are dis-
cussed here with reference to research
in which I have participated.



'. . . macromolecules are everywhere,
sustaining life and contributing

to our comfort and well-being/'

SYNTHETIC POLYMERIC
MEMBRANES AND THEIR USES
Membranes fabricated from polymeric
substances are used commercially for
such processes as the separation of gas
mixtures, the fractionation of hydro-
carbons, the concentration and up-
grading of food products, and the de-
salination and purification of water.
They are used also in medicine for
procedures such as hemodialysis. The
effectiveness of such a membrane in a
particular application depends criti-
cally on its structure, specifically its
void fraction or pore size. Figure 1
illustrates the characteristic structural
features of three types of synthetic
membranes and the uses to which they
are put.

The preparation procedure for
membranes of pore size less than a few
thousand Angstroms is to cast a thin
layer of polymer solution (10 to 20
percent polymer) on a supporting sur-
face and immerse this in a bath of
nonsolvent. The solvent diffuses into
the bath and is replaced to a certain,
somewhat controllable, degree by
nonsolvent, which precipitates the

polymer to form a semirigid film. Two
important sets of factors affecting the
porosity characteristics of the film are
the equilibrium thermodynamic prop-
erties of the three-component system,
and the material transfer between the
polymer solution layer and the bath
during the coagulation process. De-
pending on the "recipe"—the compo-
sition of the system of polymer, sol-
vent, and nonsolvent—one of three
general types of film (see Figure 1) is
obtained: (1) a dense, uniform film
containing little void space; (2) a por-
ous material consisting of a polymer-
rich phase interspersed throughout the
film with a polymer-poor phase (a sep-
aration caused by the thermodynamic
instability of the one-phase mixture);
and (3) an "asymmetric" membrane
with a thin dense layer or "skin" on
top of a porous substructure similar to
type 2. Membranes of type 3, first
prepared in the 1960s, are used exten-
sively for desalination and other sep-
arations in a process called reverse
osmosis, in which a pressure gradient
across the membrane induces a flux
against the concentration gradient.

One of the projects in which I have
been involved (with Stephen Prager of
the University of Minnesota and Gerry
Tanny of the Weizmann Institute in
Israel) is the development of a model
that incorporates both the thermody-
namic properties of a polymer mixture
and the effects of molecular diffusion.
This model gives insight into the struc-
tures likely to develop in a given sys-
tem during processing, and makes
qualitative predictions possible. In the
model, the flows of nonsolvent into the
polymer film and of solvent out of the
polymer film are treated as one-
dimensional diffusion processes per-
pendicular to the interface of the
polymer film and the bath. Phase sep-
aration in the viscous polymeric
solution—that is, the formation of a
pore structure—is assumed to proceed
slowly relative to the diffusion rates of
solvent and nonsolvent, so that a pore
structure is formed only when local
compositions approach or enter the
unstable region of the ternary phase
diagram (see Figure 2). Finally, the
surface layer of the cast film is as-
sumed to equilibrate rapidly with the 28
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Figure 1. The characterization of some
synthetic membranes, showing the general
relation between function and the physical
properties of pore size and void volume.
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Acetone (solvent)

Water,
(nonsolvent) C B B'

Cellulose
Acetate

(polymer)

Figure 2. The phase diagram and some
composition paths modeling a system of
cellulose acetate, acetone, and water.
Point P represents the concentration of
polymer in solvent when the solution is cast
in a thin layer and then immersed in the
coagulating water bath. Path PB' leads to
a dense membrane, and PAB leads to an
"asymmetric" membrane, with a dense
skin on top of a porous structure. The
surface-layer composition of the film, and
the paths leading to it, are dependent on
the salt content of the coagulating bath.



Figure 3. The use of the polymer-system
model to predict membrane structure. The
system under study is the cellulose
acetate-acetone-water system of Figure 2,
and the membrane structure under consid-
eration is the one represented by curve
PAB in Figure 2.

The graph in (a) shows a profile of the
polymer volume fraction in the diffusion
layer from the surface of the membrane to
the bulk casting composition beneath it.
This is compared with experimental results
in the insert (b), which shows the variation
of the index of refraction (a measure of
polymer density) across the thickness of
the membrane. The two plots show good
qualitative agreement.

bath to reach a composition defined by
a point on the solvent-polymer scale of
Figure 2 that lies between C and the
pure-polymer apex. With the cellulose
acetate-acetone-water system illus-
trated in Figure 2, this surface-layer
composition depends on the salt con-
tent of the coagulating water bath: the
addition of salt has been found to im-
prove the surface structure of prepared
membranes. The presence of both
dense and porous regions in the phase
diagram explains why it is possible to
prepare "asymmetric" membranes

(a) (b)

Distance from Surface

with this system—which was, in fact,
the system used in the first successful
preparation of such membranes.

In the figure, the two curves leading
from point P (the initial casting compo-
sition and also the composition far
below the surface of the film) to some
surface-layer composition represent
different concentration profiles devel-
oping during the coagulation process.
Curve PB' represents a path leading to
a dense membrane; curve PAB repre-
sents an optimum concentration pro-
file resulting in an "asymmetric"

membrane. Using the PAB profile, we
can predict the "asymmetric" mem-
brane structure, as shown in Figure 3.
The density such a structure would
have can be compared to the experi-
mentally reported density (measured
as index of refraction at points across
the membrane thickness). In our work
with the cellulose acetate-acetone-
water system, as well as with other
systems, we found that predictions
based on our model were in good
agreement with available experimental
results. 30
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PROCESSES DEPENDING
ON POLYMER FLOW
With few exceptions, most notably the
preparation of synthetic membranes,
polymer processes involve the flow of
polymeric liquids. Extrusion of plastic
sheets, fiber spinning, and injection
molding are all dependent on the flow
properties of polymeric melts and
liquid solutions.

The flow of simple molecular liquids
is well characterized by a single
property—viscosity—that is constant
at constant temperature and pressure.

With polymeric liquids, however, the
situation is much more complex be-
cause the microstructure (which we
have described as spaghetti-like)
changes as a function of the flow. It is
experimentally observed that as the
flow rate increases, the viscosity of
polymers decreases. A simple molecu-
lar interpretation of this phenomenon
is that as the flow rate increases, the
macromolecules become less entan-
gled with one another, tend to align in
the direction of flow, and therefore
offer less resistance. According to this

Figure 4. Viscoelasticity and molecular
orientation in polymeric liquids.

The sketches in (a) illustrate the elastic-
response of a viscous flowing polymeric
liquid when the stream is cut, as with a pair
of scissors.

The diagrams in (b) illustrate what hap-
pens macroscopically and at the molecular
level when flow between concentric cylin-
ders is initiated and stopped.

explanation, the degree of alignment
would depend on the flow rate and so
would the viscosity.

In addition to viscosity, a charac-
teristic property of polymeric liquids
that affects their engineering behavior
is elasticity: they act not only like
fluids, but—under appropriate condi-
tions—like elastic materials, recoiling
once an imposed stress is removed (see
Figure 4). In terms of molecular struc-
ture, the elasticity arises from the
tendency of stretched and oriented
macromolecules to revert to their



equilibrium coiled and random state
once the stretching and aligning force
is removed.

In modeling, knowledge about flow
orientation is important because in
most cases, the orientation effected
during the polymer processing be-
comes "frozen" in the final prod-
uct—such as a textile fiber or an
injection-molded object—and criti-
cally affects the properties of the prod-
uct. The effects of orientation on the
mechanical properties of polymeric
materials have been widely investi-
gated, but not much is known about
the effects on thermal, dielectric, or
optical properties, or on vapor or sol-
vent diffusion. Exploration of these
areas may lead to important new
applications.

In conjunction with a Cornell pro-
gram on injection molding that in-
volves researchers from several en-
gineering departments, one of my stu-
dents and I have developed a simple
but useful initial model for molecular
orientation in flowing systems of mac-
romolecules. Many of the rheological
properties of polymer liquids (the de-
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crease in viscosity as flow increases,
for example, or viscoelasticity, or
other more complex phenomena) are
"exhibited" by the model solution,
which consists of thin rod-like mac-
romolecules suspended in a simple
molecular (Newtonian) liquid at a con-
centration high enough to prevent the
free rotation of each rod. Because of
the presence of other rods in its vicin-
ity, a representative rod is limited in its
translational motion to the direction of
the long axis, and its rotational motion
is governed by a rotary-diffusion coef-
ficient that constantly randomizes the
orientation of the rods in thermody-
namic equilibrium. It is easy to see
why such a model system of "entan-
gled" rods would reproduce the
rheological properties of real polymer
liquids: the only way the topology of an
entangled network could be changed is
by diffusion along the molecular chain.
(In modern terminology, such diffu-
sional motion is described as repta-
tion, a word introduced by the French
physicist Pierre-Gilles de Gennes.)
Our governing idea in developing the
model was to obtain, acccording to

Figure 5. A comparison showing good
agreement between predicted and mea-
sured viscosity of a polymeric liquid. The
property compared is the decrease in vis-
cosity exhibited by the flowing liquid as the
rate of flow increases. The predicted curve
is based on a molecular model, developed
by the author and his colleagues, that takes
into account the alignment of the long
macromolecules.

statistical mechanical principles, the
distribution of rod orientation under a
given flow condition.

The model we used was shown to
provide a good description of the ex-
perimental rheological properties of
rod-like macromolecular solutions. In
Figure 5 the prediction of the decrease
in viscosity with increasing flow is
compared with recent experimental
results obtained by Guy C. Berry and
his co-workers at Carnegie-Mellon
University. The agreement is espe-
cially gratifying because no fitting
parameters are needed. From a practi-
cal point of view, the power of the
model lies in the fact that it couples
rheology to molecular orientation,
providing a means of estimating the 32



". . . molecular engineering is a necessity for
further development of polymer technology/
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flow-dependent magnitude and direc-
tion of orientation.

MOLECULAR ENGINEERING
FOR TODAY'S NEEDS
Research of the kind I have described
illustrates the pertinence of investiga-
tions at the fundamental level of
molecules. In fact, molecular engineer-
ing is a necessity for further develop-
ment of polymer technology. Ever
since the invention of Bakelite in 1908,
and particularly during and after World
War II with the production of synthetic
rubber, the growth of the polymer in-
dustry has been spectacular, mostly
because of the chemical production of
new polymers. Today, however, the
growth of the industry is based primar-
ily on sophisticated engineering—on
techniques for developing polymer
products with specific properties for
special purposes. Molecular engineer-
ing, which provides a sound base for
the physical manipulation of mole-
cules, is certain to play an important
role in improving the manufacturing
processes and in finding new uses for
giant molecules.

Claude Cohen, assistant professor of
chemical engineering at Cornell since
1977, writes here about his specialty area
of the chemistry and physics of bulk poly-
mers and polymer solutions.

Born in Egypt, he was educated in Cairo
at the French lycee and the American
University, which awarded him the B.Sc.
degree in chemistry with high honors in
1966. He studied at Princeton University
for a Ph.D. in chemistry, which was
granted in 1972, the same year he became a
United States citizen.

After completing his doctorate, Cohen
spent a year at Brown Unversity as a
research associate and instructor in
chemistry. Subsequently, he held the Aha-
ron Katz.ir Katchalsky fellowship in the
polymer department of the Weizmann In-
stitute of Science in Rehovot, Israel, and
served as a research fellow at the Califor-
nia Institute of Technology.

He is a member of the American Institute
of Chemical Engineers and the American
Chemical Society.
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Conversation with "Chuck"
When Charles Calvert 4kChuck^ Wind-
ing took his first job at Cornell in 1935,
he became the second faculty member
in the emerging chemical engineering
program. His salary, at $1,600 a year,
looked good in the midst of a national
depression.

Now in his seventy-third year,
Chuck holds the record for the longest
individual association with chemical
engineering here at Cornell—forty-six
years that have seen profound changes
in the University and its programs, as
well as in the nation and its economy.

Winding's career here has spanned the
forty-year history of Olin Hall, ex-
tended through the establishment and
growth of the School of Chemical En-
gineering, and included a thirteen-year
term as School director.

In his office in the southeast corner
of Olin Hall one beautiful afternoon
this autumn, we discussed his work
and life in Ithaca, and his views of the
Cornell chemical engineering program
from the perspective of a long tenure.
An easy-going, pleasant man, he
shares his thoughts and feelings

openly. One senses, in his even-
tempered manner, the solidity that
marked his years of teaching and his
leadership as director of the School.

He was born, reared, and educated
in Minneapolis, Winding told me. He
earned his bachelor's degree in chemi-
cal engineering in 1931 and his Ph.D. in
1935 at the University of Minnesota.
He started out as a physics major, he
said, but became interested in chemis-
try, which he studied for the first time
during his sophomore year. He re-
called in particular a forceful woman
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" . . . students today are getting a better
technical education than their predecessors.

instructor, Lil Cohen, who seemed to
regard him as one of her favorite stu-
dents and who advised him, "You
aren't very smart, but you think chem-
ically. You had better become a chem-
ical engineer." And so he did.

After he completed his education,
Winding welcomed the offer of an in-
structorship at Cornell. "Strangely
enough, I had wanted to go to Cornell
after my freshman year, but I couldn't
afford the $400-a-year tuition," he re-
marked. The $1,600 salary was an im-
provement over the $66 a month he had

earned during graduate school; appar-
ently, it was enough to get married on,
for in 1936, after a year at Cornell,
Chuck married Kay Cudworth, also of
Minneapolis, and the two of them
began a long love affair with the Uni-
versity and the Finger Lakes region.

In chemical engineering at Cornell,
the name of the late Fred H. "Dusty"
Rhodes is legendary. As a young fac-
ulty member in the University's
chemistry department in the late
1930s, he provided leadership for
creating a separate School of Chemical

Engineering within the College of En-
gineering, and for developing the pro-
gram. Rhodes also worked toward the
building of a large new facility, Olin
Hall, which was made possible by a gift
from Franklin W. Olin '86 and which
initiated Dean S. C. Hollister's com-
prehensive building program. When
Chuck Winding arrived on the scene,
he found himself the entire back-up
staff for the dynamic Dusty Rhodes.
Fortunately, Chuck got along well with
Dusty—not everyone did. "We were
never really close," Winding recalled.
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Olin Hall of Chemical Engineering, built in
the early 1940s, has been substantially
renovated in the past few years. Built pri-
marily as an instructional facility for un-
dergraduates, the interior has been mod-
ified to better accommodate contemporary
needs for both undergraduate programs
and graduate research.

"We didn't see much of each other
socially. We just worked well together,
probably because he needed me so
badly." During the construction of
Olin Hall, for example, Winding
picked up more of the teaching load
while Rhodes spent a good deal of his
time on the road, inspecting modern
chemical engineering facilities in in-
dustry and formulating ideas for the
new building.

By 1940 enrollment was up to about
one hundred new students annually (in
those years, freshmen were admitted
directly to a particular engineering
school or department). The new build-
ing was greatly needed, and by the
spring of 1942 it was ready to occupy.
Winding remembers that spring as a
hectic period. All the equipment lo-
cated in Baker Laboratory (the
chemistry facility) had to be moved
and reorganized in the new spaces in
Olin. To further complicate the situa-
tion, the program had to be adapted to
wartime conditions. In chemical en-
gineering, the classes consisted mainly
of men in the Navy V12 program,
freshmen (who were under draft age),

and a few civilians who had not been
drafted. The academic calendar was
accelerated to operate all year round,
with three semesters of sixteen weeks
each. Cornell had had a five-year un-
dergraduate program in chemical en-
gineering since 1931, but under the
wartime schedule, the curriculum
could be completed within four calen-
dar years. "The only holiday recog-
nized was Christmas!" Winding re-
called. It wasn't until the late 1960s
that the School reluctantly reduced the
baccalaureate program to a normal

four years, in keeping with a College-
wide plan of offering a fifth-year Mas-
ter of Engineering degree program.

Chuck did a little Naval duty of his
own during the war: he was com-
mander of the local Coast Guard auxil-
iary flotilla and captain of the Central
New York district. The Coast Guard
had set up a wartime reserve to patrol
all navigable bodies of water. Wooden
sailcraft could easily escape the primi-
tive German radar, Winding ex-
plained, and "did one hell of a lot of
good in patrolling the Atlantic 35



HIGHLIGHTS IN THE DEVELOPMENT
OF CHEMICAL ENGINEERING AT CORNELL

1920 Courses in industrial chemistry are introduced by Fred H. Rhodes into the
curriculum of the Department of Chemistry.

1931 The degree of Chemical Engineer is introduced. It is earned in a fifth year of
study following the Bachelor of Chemistry degree program.

1938 The School of Chemical Engineering, with Rhodes as director, is established
as part of the College of Engineering. A five-year program leads to the degree
of Bachelor of Chemical Engineering.

1942 Olin Hall of Chemical Engineering is completed, becoming the first of ten
buildings on the new Engineering Quadrangle.

1957 Charles C. Winding becomes the second director of the School of Chemical
Engineering.

1961 The College reorganizes its curricula so that all engineeing students are
admitted to the Division of Basic Studies; a major in chemical engineering is
begun in the junior year.

1964 The undergraduate curriculum in the College is reorganized as a four-year
program, with a fifth year of study leading to one of several Master of
Engineering degrees, including the M.Eng. (Chemical).

1970 Kenneth B. Bischoff is named director of the School.

1975 Julian C. Smith begins his first term as director of the School.

1980 The College completes a two-year project to upgrade and modernize the Olin
Hall facilities, with support from the Joseph N. Pew, Jr., Trust, several
corporations, and alumni of the School.
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coastline and harbors." Nothing oc-
curred on Cayuga Lake or the Barge
Canal, but Commander Winding was
ready: he taught close-order drill,
semaphore signalling, and meteorol-
ogy, and he conducted maneuvers on
the lake.

These activities tied in with Wind-
ing's nonprofessional interests. The
Coast Guard meteorology instruction
led to a lifelong interest in weather
forecasting; his home has a weather
station that includes an anemometer
and a hand-built instrument for record-

ing the maxima and minima of temper-
ature, barometric pressure, and wind
speed. Also, he is an avid sailor. A
member of the Ithaca Yacht Club, he
served as its commodore in 1948, and
he has been secretary-treasurer of the
Central New York Yacht Racing As-
sociation for the past twenty-eight
years. For many years he has raced his
Thistle-class boat as a member of the
Seneca Yacht Club in Geneva, on
Seneca Lake. 'Thistles don't forgive
sailing mistakes," he remarked, "but
they are lively boats and move off a

lake quickly if a storm comes up."
Chuck's wife also enjoys sailing, but
her chief organizational activity is with
Ithaca's Service League; she has been
treasurer for the past twenty-five
years.

After World War II, returning veter-
ans with GI Bill benefits applied to
colleges in great numbers, and housing
became a problem. The School of
Chemical Engineering, finding its en-
rollment limited by housing con-
straints, decided to use part of Olin
Hall for dormitory space. By convert-
ing several second- and third-floor
rooms to three-man bedrooms, the
School was able to admit an additional
twenty-five or thirty freshmen. "The
major condition imposed on the resi-
dents," Winding reminisced, "was
that they had to use the shower (in the
basement) by 8 a.m. No one was al-
lowed to wander around the halls in a
bathrobe after that hour."

The School continued to evolve in
the postwar period. In the late 1940s,
metallurgical engineering was added as
a second curriculum. "At that time,
both Dusty and Dean Hollister wanted
us to get into metallurgy," Winding
recalled. "But just as chemical en-
gineering had become a drag on
chemistry in the 1930s, metallurgical
engineering became a burden to chem-
ical engineering; there were relatively
few students, and they made heavy
demands on shop and laboratory
facilities." In the 1960s, during the
deanship of Dale Corson, there was
more government money for research
in materials, and a donor interested in
metallurgical engineering was pre-
pared to build a new facility (Bard
Hall). All the faculty members with



primary interests in materials were
brought together into a new grouping,
which was first called the Department
of Engineering Physics and Materials
Science.

Throughout the formative years of
chemical engineering at Cornell, and
through the war and postwar periods,
Winding conducted a research pro-
gram as well as educating large num-
bers of students. He supervised the
Ph.D. research of twenty-five graduate
students, a high proportion of those
who went through the doctoral pro-
gram, in those years. His specialty
area is polymerization and polymeric
materials—he was heavily involved in
the development of synthetic rubber
during World War II, for example—
and in the course of his work he ac-
quired several patents and published
numerous papers and two books: Plas-
tics, Theory and Practice (1947), writ-
ten with R. L. Hasche, and Polymeric
Materials (1961), written with G. D.
Hiatt. Polymeric Materials, in particu-
lar, is recognized as one of the early
definitive works in that field. Wind-
ing's interest in the industrial aspects

of chemical engineering is reflected in
his extensive record of consulting ac-
tivity and in his status as a professional
engineer in New York State. He has
been active in a number of professional
organizations and was elected a fellow
of the American Institute of Chemists.

Winding became director of the
School of Chemical Engineering and
the Herbert Fisk Johnson Professor of
Industrial Chemistry upon Rhodes' re-
tirement in 1957. The need for develop-
ing a better research capability soon
became apparent. "Dusty had thought
we would get all the support we needed
from industry," Winding recalled.
"The orientation of the School's whole
program was industrial; Rhodes had
insisted, for example, that all new fac-
ulty members (Winding being the ex-
ception) have considerable industrial
experience." Although this policy had
served the School and its students
well, it was not sufficient in the post-
sputnik and computer era. "We com-
pletely missed the first wave of gov-
ernment monies for research," Wind-
ing said. "Hell, I don't think that any-
one from here went down to
Washington until the late 1960s." (To-
day the School has a growing research
program; forty-five graduate students
are working with the fourteen faculty
members and a number of postdoctoral
associates, and the 1979-80 research
budget was $650,000.)

Winding served as director of the
School until 1970, five years before his
"official" retirement. He continued to
teach plant design and the laboratory
in unit operations through the spring of
1977, however; and for the past several
years the College has called on him to
put his administrative planning skills to

work in overseeing any needed modifi-
cation of facilities for research or
teaching programs. In 1973 his
academic contribution was publicly
recognized by alumni and friends of
the School with the establishment of
the Charles C. Winding Scholarship
Fund for students in the M.Eng.
(Chemical) degree program.

I asked him for his assessment of the
current academic program from the
perspective of his long years here.
"Nobody can quarrel with the fact that
students today are getting a better
technical education than their prede-
cessors," he said, "but I'm not sure
that they all make a good choice of
electives. It is possible for our kids to
pick itty-bitty' courses in which they
think they can get good grades." And
are today's chemical engineers as en-
thusiastic as their fathers? "Students
then were tempered to work beyond
their capacities, and those who sur-
vived had a great esprit de corps.
Today that kind of competitive attitude
wouldn't be a good thing."

The profession itself is thriving,
Winding pointed out, and chemical en-
gineers are greatly in demand. Starting
salaries are tops for all of engineering.
Furthermore, the work is interesting
and challenging. "When the synthetic
fuels program begins to run, it alone
could absorb all the chemical en-
gineers that could be turned out."

In talking with Chuck Winding, one
senses the essential place that Cornell
and chemical engineering have had and
continue to have in his life. It is equally
true that Winding's long career here
has an important and permanent place
in the story of chemical engineering at
Cornell.—DONALD F. BERTH 38
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• James W. Mayer, a specialist in the
near-surface properties of solids,
joined the Cornell faculty this fall as
the Francis N. Bard Professor in the De-
partment of Materials Science and En-
gineering. According to the depart-
ment director, Arthur L. Ruoff, Mayer
is one of the world's leading authorities
on Rutherford scattering and ion-beam
implantation, and will have special re-
sponsibility for directing a new facility
for backscattering analysis. He is
working actively in the National Re-
search and Resource Facility for Sub-
micron Structures, which was recently
established at Cornell.

Mayer came to the University from
the California Institute of Technology,
where he was professor of electrical
engineering. He also served there as
master of student houses. He was edu-
cated at Purdue University, earning
the B.S. degree in 1952 and the Ph.D.
in 1960. Before beginning his teaching
career, he worked at the Hughes Re-
search Laboratories on nuclear parti-
cle detectors and ion implantation.

In addition to four books on near-
surface effects and particle-solid in-

teractions, Mayer has written chapters
in eight volumes of collected papers,
and several hundred articles. He has
served as chairman of many national
and international conferences, and has
been a visiting professor or consultant
at institutions around the world: the
Technische Hochschule in Munich,
the Chalk River Laboratories in On-
tario, the University of Modena, the
Research Institute of Physics in Stock-
holm, and the University of Catania,
as well as in the United States at IBM
Research Laboratories, Bell Labora-

tories, and Hughes Research Labora-
tories. He is a fellow of both the Amer-
ican Physical Society and the Institute
of Electrical & Electronics Engineers,
and a scientific member of the
Bohmische Physical Society. He has
served on the board of editors of the
Journal of Applied Physics.

The professorship Mayer holds was
endowed in 1947 by the late Francis
Norwood Bard '04, who also provided
funds for Bard Hall, which houses the
Department of Materials Science and
Engineering.



Hartmanis Ballantyne Moon Meyburg

• The recently named Walter R. Read
Professor of Engineering is Juris
Hartmanis, professor and chairman of
Cornell's intercollege Department of
Computer Science and an internation-
ally recognized authority in computa-
tional theory. The appointment was
made by the University's Board of
Trustees.

Hartmanis is serving his second
term as department chairman: he
joined the Cornell faculty in 1965 as the
first chairman of the newly instituted
department, which is part of the Col-
lege of Arts and Sciences as well as the
College of Engineering. Before coming
to Cornell, he taught for a year at Ohio
State University and then spent seven
years as a research mathematician at
the General Electric Research Labora-
tory. He studied at the University of
Marburg in Germany for an under-
graduate degree in physics; at the Uni-
versity of Kansas City for an M.A.
degree in mathematics; and at the
California Institute of Technology for
the Ph.D. in mathematics, awarded in
1955.

His current research is in computa-

tional complexity theory, an area of
computer science he helped establish
in the mid-1960s. He has published
some eighty papers and two research
monographs, and has served as editor
of a series of volumes on computer
science and on the editorial boards of
several professional journals.

The professorship was endowed in
1964 as the result of a gift from Walter
R. Read and funds from a Ford Foun-
dation grant. Read, a Milwaukee busi-
nessman, graduated from Cornell in
1915 with the degree of Mechanical
Engineer.

• Three new school or department
heads began their administrative terms
at the beginning of the current
academic year. Joseph M. Ballantyne
is the director of the School of Electri-
cal Engineering, Francis C. Moon is
chairman of the Department of
Theoretical and Applied Mechanics,
and Arnim H. Meyburg is chairman of
the Department of Environmental En-
gineering in the School of Civil and
Environmental Engineering.

Ballantyne, professor of electrical
engineering, coordinated Cornell's
proposal for the National Research
and Resource Facility for Submicron
Structures (NRRFSS) and served as
acting director of the facility after it
was established here by the National
Science Foundation. He has continued
to direct the activities of the associated
Program on Submicrometer Structures
(PROSUS), which Cornell operates for
member industries. Ballantyne's own
current research includes work in
high-resolution lithography, semicon-
ductor materials, and integrated opti-
cal devices. He has been on the Cornell
faculty since 1964, when he completed
his doctoral study at the Mas-
sachusetts Institute of Technology. He
has undergraduate degrees in both
mathematics and electrical engineer-
ing from the University of Utah.

Moon, an associate professor of
theoretical and applied mechanics, re-
ceived his graduate education at Cor-
nell, earning the M.S. in 1964 and the
Ph.D. in 1967. His undergraduate de-
gree in mechanical engineering is from
the Pratt Institute. Before joining the 40
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faculty here in 1974, Moon taught at
the University of Delaware and at
Princeton University. He is a specialist
in magneto-solid mechanics and an ex-
pert in magnetic levitation of trains.

Meyburg, a specialist in urban
transportation, is a professor in the
environmental engineering depart-
ment. He came to Cornell in 1969 after
completing graduate work at North-
western University; he received the
M.S. degree in quantitative geography
and the Ph.D. in civil engineering. As
an undergraduate, he studied at the
University of Hamburg and the Free
University of Berlin, which awarded
him a degree in linguistics. His pub-
lished works include two books on
urban transportation systems, and one
on survey sampling and multivariate
analysis. His major research activities
are in travel-demand modeling and the
interrelationships between transporta-
tion and communication systems.

• The directors of two schools in the
College have been reappointed for ad-

41 ditional terms. They are Julian C.

Smith of the School of Chemical En-
gineering and George L. Nemhauser of
the School of Operations Research and
Industrial Engineering.

• Administrative appointments and
assignments in the College this year
provide new organization in the areas
of research activities, external affairs,
and undergraduate education.

Daniel P. Loucks was named as-
sociate dean with responsibility for
coordinating the research program and
facilitating graduate education. A
member of the environmental en-
gineering faculty since 1965, he re-
cently completed a term as chairman of
that department. His own research
area is environmental systems en-
gineering, including water resources
planning and environmental control.
He has been active not only in develop-
ing techniques, but in advising on their
application internationally. His de-
grees are the B.S. from The Pennsyl-
vania State University, the M.S. from
Yale University, and the Ph.D. from
Cornell.

Donald F. Berth, who was most
recently director of development for
the College and co-director of the En-
gineering Cooperative Program, was
appointed associate dean. He is now
responsible for coordinating and ini-
tiating external relations involving in-
dustrial organizations, alumni, and
friends of the College, and will con-
tinue to direct development activities.
He also plans to continue to offer a
course in technical entrepreneurship.
Berth joined the administrative staff in
1962 and over the years has directed
College activities in the areas of advis-
ing and counseling, publications, and
public relations. He holds bachelor's
and master's degrees in chemical en-
gineering from Worcester Polytechnic
Institute.

Malcolm S. Burton, continuing as
associate dean in the area of under-
graduate education, has assumed
overall supervision of all programs
pertaining to undergraduates. Among
his added responsibilities is the direc-
tion of the Engineering Cooperative
Program. Burton, who is also profes-
sor of materials science and engineer-



ing, has been on the faculty since 1946
and on the College administrative staff
since 1970. He studied at Worcester
Polytechnic Institute for a bac-
calaureate degree in mechanical en-
gineering and at the Massachusetts In-
stitute of Technology for a master's
degree in metallurgy.

Benjamin Nichols, who is professor
of electrical engineering, is directing
the operation of the Division of Basic
Studies this year while the faculty is
considering curricular changes affect-
ing the underclass program. A faculty
member since 1946, Nichols has had a
continuing interest in educational
techniques and policies and has served
on numerous educational committees,
including the College committee that
outlined the current core curriculum.
Nichols studied at Cornell as an under-
graduate and graduate student and re-
ceived a Ph.D. in geophysics from the
University of Alaska.

Gordon Peck, a new member of the
Division of Basic Studies staff, is in
charge of the Engineering Advising
and Counseling Center. He has been at
Cornell since 1968, first in the Univer-
sity's financial aid office and then in
the admissions office of the College of
Agriculture and Life Sciences. Previ-
ously he taught biology and mathemat-
ics at a school for disturbed teenagers,
served in the U.S. Army as a coun-
terintelligence investigator, and was a
county cooperative extension 4-H
agent. He holds two Cornell degrees:
the B.S. in agriculture (1962) and the
Master of Arts in Teaching (1968). At
the University his activities have in-
cluded membership on committees
concerned with American Indian edu-
cation and minority affairs.

• A new faculty member at the School
of Civil and Environmental Engineer-
ing is Mircea Dan Grigoriu, associate
professor of structural engineering,
who is a specialist in structural reliabil-
ity and structural mechanics. He came
to Cornell from the University of
Waterloo, Canada, where he was a
visiting associate professor.

Grigoriu holds the Dipl. Ing. from
the Bucharest Institute of Civil En-
gineering (1966), the Dipl. Math, from
the University of Bucharest (1972),
and the Ph.D. in civil engineering from
the Massachusetts Institute of
Technology (1976). His experience in-
cludes consulting, research, and teach-
ing in Canada, Venezuela, and
Rumania.

• Other faculty appointments this
year include assistant professors in
three schools or departments: Bengt
Aspvall in Computer Science; Charles
T. Avedisian and Otto Zeman in Me-
chanical and Aerospace Engineering;
and Peter L. Jackson in Operations
Research and Industrial Engineering.

Aspvall, a native of Sweden, studied
at Lund University for an under-
graduate degree in electrical engineer-
ing, awarded in 1974. He took his
graduate work in computer science at
Stanford University, earning the M.S.
degree in 1976 and the Ph.D. this past
summer. His thesis research was in the
area of combinatorial algorithms.

Avedisian, whose areas of interest
are combustion, heat transfer, and the
nucleation and boiling of liquids, re-
ceived the Ph.D. degree in mechanical
engineering from Princeton University
in June. He previously studied at Tufts
University for the B.S., awarded in

1972, and at the Massachusetts Insti-
tute of Technology for the M.S. in
1974. He has worked at Bell Laborato-
ries in Holmdel, New Jersey.

Zeman studied as an undergraduate
at Prague Technical University in
Czechoslovakia, earning the Dipl.
Eng. in 1959, and came to the United
States for graduate study. He received
the M.S. degree in mechanical en-
gineering from the Massachusetts In-
stitute of Technology in 1970 and the
Ph.D. in aerospace engineering from
The Pennsylvania State University in
1975. A specialist in turbulence and
boundary layers, he served as a fellow
at the Cooperative Institute for Re-
search in Environmental Sciences
(CIRES) at Boulder, Colorado, before
coming to Cornell as a research consul-
tant last January. He has also worked
in Czechoslovakia and Germany.

Jackson, whose areas of interest are
applied economics, finance models,
and stochastic processes, came to
Cornell from Stanford University,
which awarded him an M.S. degree in
statistics and a Ph.D in operations re-
search. As an undergraduate at the
University of Western Ontario, he
graduated first in the faculty of social
science and won the Chancellor's
Prize and the Gold Medal for Econom-
ics and Mathematics.

• Eleven foreign nations are repre-
sented by nineteen visiting professors
and research associates currently at
the College. The countries are the
People's Republic of China (with five
representatives), Finland, Israel, Ja-
pan, Korea, Malaysia, Mexico, Por-
tugal, Sierra Leone, Taiwan, and West
Germany. 42



McManus
• Joseph A. Burns, associate profes-
sor of theoretical and applied mechan-
ics, has been appointed editor of
Icarus: International Journal of Solar
System Studies, which is considered
the leading journal of planetary sci-
ences. He replaces Cornell's Carl Sa-
gan, the David Duncan Professor of
Astronomy and Space Sciences, who
served as editor for nine years.

Burns earned his Ph.D. in 1966 at
Cornell's Center for Radiophysics and
Space Research, of which he is now a
member. He has conducted research at
NASA's Goddard Space Flight Center
and Ames Research Center, and has
worked also at the Observatory of
Paris and in Moscow and Prague as a
United States National Academy of
Sciences exchange fellow. His current
research interest is small bodies of the
solar system (see the December 1978
issue of this magazine).

Burns edited Planetary Satellites,
published in 1977 by the University of
Arizona Press, and is an associate
editor of the Proceedings of the Lunar
and Planetary Science Conference.

• A recently appointed staff member
in the College's publications office,
Ann H. Pollock, has been named as-
sociate editor of this magazine. She
has had previous editorial and produc-
tion experience in the registrar's office
at Stanford University, where she
studied for a bachelor's degree in an-
thropology; with Arabian Horse
News, published in Fort Collins, Col-
orado; and with the Bendix Field En-
gineering Corporation in Grand Junc-
tion, Colorado. She came to Cornell in
1979, initially as a serials assistant in
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• The College was saddened by the
death on October 3, 1980 of John F.
McManus, who had retired in June as
associate dean for financial, person-
nel, and facilities management. He was
sixty-six years old.

McManus was a Cornell alumnus, a
Civil Engineer of the class of 1936, and
had spent almost his entire career at
Cornell. At the time of his retirement,
the College honored him with the Cor-
nell Engineering Award and by naming
the newly refurbished student lounge
in Hollister Hall the John F. McManus
C.E. '36 Lounge (see the Summer 1980
issue of this magazine).

His survivors include his widow,
Elizabeth; two sons, both Cornell
graduates; and two grandchildren.

Right: The John F. McManus C.E. '36
Lounge in the civil and environmental en-
gineering building was dedicated during
Homecoming this fall. The student lounge
was recently refurbished, largely with
funds from alumni gifts. It is equipped with
facilities for serving coffee and other re-
freshments, and has new furniture and
accessories.



FACULTY
PUBLICATIONS

The following publications and conference pa-
pers by faculty and staff members and graduate
students at the Cornell University College of
Engineering were published or presented during
the period June through August 1980. Earlier
entries omitted from previous listings are in-
cluded here with the date in parentheses. The
names of Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Baker, L. D. 1980. Rural quiet or ear plugs? The
increasing problems of agricultural noise. En-
gineering: Cornell Quarterly 15(1):20-23.

Delwiche, M. J.; Scott, N. R.; and Drost, C. J.
1980. Ultrasonic measurement of teat milk flow.
Transactions of the ASAE 23(3):746-52.
Haith, D. A. 1980. A mathematical model for
estimating pesticide losses in runoff. Journal of
Environmental Quality 9(3):428-33.

Hillman, P. E.; Scott, N.R.; and van Tienhoven,
A. 1980. Effect of centrally applied 5-
hydroxy-tryptamine and acetylcholine upon the
energy budget of chickens {Gallus domesticus).
Americal Journal of Physiology 239:R57-R61.

Lorenzen, R. T. 1980. Progressive Collapse of
Clear span Structures. Paper read at Summer
Meeting of American Society of Agricultural
Engineers, 15-18 June 1980, in San Antonio,
Tex.

Moser, M. A.; Ryan, J. R.; and Loehr, R. C.
1980. Assessing Soil Series Suitability for the
Land Treatment of Wastewaters. Paper read at
North Atlantic Regional Meeting of American
Society of Agricultural Engineers, 3-6 August
1980, in Willimantic, Conn.

Naylor, L. M., and Loehr, R. C. (1980). Sludge
fact sheets. Cooperative Extension Waste Man-
agement Series. Ithaca: New York State College
of Agriculture and Life Sciences, Cornell
University.

Naylor, L. M.; Loehr, R. C; Tyler, L.; and
Guiles, N. 1980. Distribution of Heavy Metals in
Soils and Crops for Two New York Soils Fer-
tilized with Sludge for up to 20 Years. Paper
N A80-211 read at North Atlantic Regional Meet-
ing of American Society of Agricultural En-
gineers, 3-6 August 1980, in Willimantic, Conn.

Rehkugler, G. E. 1980a. Dietary Goals and En-
ergy Demands for the Food System. Paper read
at Summer Meeting of American Society of
Agricultural Engineers, 15-18 June 1980, in San
Antonio, Tex.

19806. Tractor Steering Motion
Dynamics—Simulation and Full-Scale Verifica-
tion. Paper read at Summer Meeting of Ameri-
can Society of Agricultural Engineers, 15-18
June 1980, in San Antonio, Tex.

1980c. Energy Demands for Food Pro-
duction, Processing and Nutrient Supply. Paper
read at North Atlantic Regional Meeting of
American Society of Agricultural Engineers, 3-6
August 1980, in Willimantic, Conn.

Ryan, J. R.; Loehr, R. C; and Steenhuis, T. S.
(1980). Land Application of Wastewaters Under
Non-Ideal Conditions. Paper read at 35th An-
nual Purdue Industrial Waste Conference, 13-15
May 1980, in West Lafayette, Ind.

Sagi, R.; Scott, N. R.; and Gorewit, R. C. 1980.
Interaction between Stimulation and Machine
Milking. Paper read at Summer Meeting of
American Society of Agricultural Engineers,
15-18 June 1980, in San Antonio, Tex.

Sobel, A. T., and Scott, N. R. 1980. Automatic
Milk Yield Utilizing a Microcomputer. Paper

read at North Atlantic Regional Meeting of
American Society of Agricultural Engineers, 3-6
August 1980, Willimantic, Conn.

• APPLIED AND
ENGINEERING PHYSICS

Flytzanis, C., and Tang, C. L. 1980. Light
induced critical behavior in the 4-wave interac-
tion in nonlinear systems. Physical Review Let-
ters 45:441^5.

Grunes, L.A. 1980. Characterization of some 3d
transition metal oxides through core loss elec-
tron energy loss spectroscopy. In Proceedings
of 38th annual meeting, Electron Microscopy
Society of America, ed. G. W. Bailey, pp. 122—
23. Baton Rouge, La.: Claitor's Publishing
Division.
Jensen, E.; Seabury, C, and Rhodin, T. 1980.
Angle-resolved photoemission from CO on
Fe(110). Solid State Communications
35(8):581-85.

Khach, R.; Mahr, H.; Tang, C. L.; and
Hartman, P. 1980. Observation of significant
optical gain in inverted atomic hydrogen. Physi-
cal Review Letters 45:542-43.

Larrabee, D. A., and Lovelace, R. V. E. 1980.
Particle orbits in ion rings: Ergodic or not?
Physics of Fluids 23(7): 1436-42.

Leapman, R. D., and Grunes, L. A. 1980.
Anomalous L3/L2 white line ratios in the 3d
transition metals. Physical Review Letters
45:397-401.

Lovelace, R. V. E. (1980). MHD Stability of
Equilibria with Flow. Paper read at Sherwood
Theory Meeting, 23-25 April 1980, in Tucson,
Ariz.
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Lovelace, R. V. E.; MacAuslan, J.; Raphaeli,
Y.; and Scott, H. (1980). Hydro- and
Magnetohydro-Dynamical Accretion/Ejection
Flows. Paper read at 155th Meeting of American
Astronomical Society, 13-18 January 1980, in
San Francisco, Calif.
Wolf, D. E.; Henkart, P.; and Webb, W. W.
1980. The diffusion, patching and capping of
stearoylated dextrans on 3T3 cell plasma mem-
branes. Biochemistry 19( 17): 3893-904.

• CHEMICAL ENGINEERING
Finn, R. K. 1980. Problems in Design of Biologi-
cal Reactors. Paper read at NATO Advanced
Study Institute on Multiphase Chemical Reac-
tors, 18-30 August 1980, in Vimeiro, Portugal.
Gray, C. G.; Gubbins, K. E.; Dagg, I. R.; and
Read, L. A. A. 1980. Determination of the
quadrupole moment tensor of ethylene by
collision-induced absorption. Chemical Physics
Letters 73:278.
Gubbins, K. E. 1980. Molecular Orientation
Effects at Liquid Surfaces. Paper read at 2nd
North American Chemical Congress, 24-28 Au-
gust 1980, in Las Vegas, Nev.
Ho, S. V., and Harriott, P. 1980. The kinetics of
methanation on nickel catalysts. Journal of
Catalysis 64:272-83.
Janas, V. F.; Rodriquez, F.; and Cohen, C.
1980. Aging and thermodynamics of polyac-
rylamide gels. Macromolecules 13:977-83.
Smith, J. C, and Hattiangadi, U. S. 1980. Profil-
ing solids flow from bins. Chemical Engineering
Communications 6:105-15.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Carrasquillo, R.; Slate, F. O.; andNilson, A. H.
1980. Very high strength concrete—an anno-
tated bibliography 1930-1979. Cement, Con-
crete and Aggregates (ASTM) Summer 1980.
Chowdhury, A. H., and White, R. N. 1980.
Multistory reinforced concrete frames under
simulated seismic loads. In Reinforced concrete
structures subjected to wind and earthquake
forces, ACI SP-63, ed. J. Schwaighofer and S.
Otani, pp. 275-300. Detroit, Mich.: American
Concrete Institute.
Dworsky, L. B. 1980. Innovations in Great Lakes
Policies. Paper read at Inland Waters "80", 29
July-1 August 1980, at University of Wisconsin,

45 Green Bay, Wis.

Dworsky, L. B., and Allee, D. J. 1980a. Potential
interstate institutional entities for water re-
sources. U.S. Water Resources Council report.

(19806). Unified River Basin
Management—Evolution of Organizational Ar-
rangements. Paper read at Unified River Basin
Management Conference, 4-7 May 1980, in Gat-
linburg, Tenn.
Dworsky, L. B., and Francis, G., eds. 1980.
Anticipatory planning for the Great Lakes, vol.
I—Summary, vol. II—Workshop reports.
Windsor, Ontario: Great Lakes Regional Office,
International Joint Commission.
Erb, T. L.; Philipson, W. R.; Teng, W. L.; and
Liang, T. 1980. Analysis of landfills with historic
airphotos. In Civil engineering applications of
remote sensing—proceedings of the specialty
conference, pp. 15-23. New York: American
Society of Civil Engineers.
Hobbs, B. F., and Meier, P. M. (1979). An
analysis of water resources constraints on power
plant siting in the mid-Atlantic states. Water
Resources Bulletin 15(6): 1666-76.
Kulhawy, F. H. 1980. Discussion of "Uplift and
bearing capacity of short piers in sand." Journal
of the Geotechnical Engineering Division,
ASCE 106(GT6):741-43.
Lafe, O. E.; Montes, J. S.; Cheng, A. H.D.;
Liggett, J. A.; and Liu, P. L.-F. 1980. Sin-
gularities in Darcy flow through porous media.
Journal of the Hydraulics Division, ASCE
106(HY6):977-97.
Lennon, G. P.; Liu, P. L.-F.; and Liggett, J. A.
1980fcr. Boundary integral solutions to three-
dimensional unconfined Darcy flow. Water Re-
sources Research 16:651-58.

19806. A boundary integration method
applied to three-dimensional Darcy's flow. In
Innovative numerical analysis for the applied
engineering sciences, ed. R. P. Shaw, pp. 47-56.
Charlqttesville, Va.: University Press of
Virginia.

Liu, P. L. -F. 1980. Boundary integral equation
method applied to free surface flow problems. In
Innovative numerical analysis for the applied
engineering sciences, ed. R. P. Shaw, pp. 179—
88. Charlottesville, Va.: University Press of
Virginia.
Loucks, D. P. 1980. Noise: The fourth pollutant.
Engineering: Cornell Quarterly 15( 1):2-11.

Meyburg, A. H., and Lee, A. M. 1980. Some
policy issues in electronic message transfer. In
Engineering education for the 21st century, pro-
ceedings of the 1980 annual conference of the
American Society for Engineering Education,
ed. L. P. Gray son and J. M. Biedenbach, pp.
291-95. Washington, D.C.: American Society
for Engineering Education.
Nilson, A. H. 1980. Reinforced concrete for

ships. In Solomon Cady Hollister Colloquium:
Perspectives on the history of reinforced con-
crete in the United States 1904-1941, ed. J. F.
Abel and D. P. Billington, pp. 63-87. Princeton,
N.J.: Department of Civil Engineering, Prince-
ton University.
Orloff, N., and Brooks, G. 1980. The National
Environmental Policy Act—cases and mate-
rials. Washington, D.C.: BNA Books.
Perdikaris, P. C; White, R. N.; andGergely, P.
1980. Strength and stiffness of Pensioned rein-

forced concrete panels subjected to membrane
shear, two-way reinforcing. U.S. Nuclear Regu-
latory Commission report NUREG/CR-1602.
Shin, B. S., andDick, R. I. 1980. Applicability of
Kynch theory toflocculent suspensions. Journal
of the Environmental Engineering Division,
ASCE 106:505-26.
Stedinger, J. R. 1980W. Fitting log normal distri-
butions to hydrologic data. Water Resources
Research 16(3):481-90.

19806. Limited confidence in confidence
limits derived by operational stochastic hy-
drologic models—comments. Journal of Hy-
drology 47:377-80.

1980c. A review of the literature of 1979
on wastewater and water pollution control: Sys-
tems analysis. Journal of the Water Pollution
Control Federation 52(6): 1071-75.
White, R. N. 1980. Education in reinforced
concrete up to 1917. In Solomon Cady Hollister
Colloquium: Perspectives on the history of rein-
forced concrete in the United States 1904-1941
ed. J. F. Abel and D. P. Billington, pp. 15-62.
Princeton, N.J.: Department of Civil Engineer-
ing, Princeton University.

Winter, G. 1980. Development of a national
building code for reinforced concrete 1908-1941.
In Solomon Cady Hollister Colloquium: Per-
spectives on the history of reinforced concrete in
the United States 1904-1941, ed. J. F. Abel and
D. P. Billington, pp. 119-37. Princeton, N.J.:
Department of Civil Engineering, Princeton
University.

• ELECTRICAL ENGINEERING
Alder, R., and Nation, J. (1980). Collective
acceleration of metallic ions. Applied Physics
Letters 36(10):810-12.
Adler, R.; Nation, J.; andSerlin V. (1980). Time
Evolution of Collective Acceleration in Vac-
uum. Paper read at IEEE Conference on Plasma
Science, 19-21 May 1980, at University of Wis-
consin, Madison, Wis.
Barnard, J., and Frey, J. 1980. Micron
Gatelength MESFET's on Laser-Annealed



Polysilicon. Paper read at Device Research Con-
ference, 24-26 June 1980, in Ithaca, N. Y.
Ierkic, H. M.; Fejer, B. G.; and Farley, D. T.
1980. The dependence on zenith angle of the
strength of 3-meter equatorial electrojet ir-
regularities. Geophysical Research Letters
7:497-500.
Inoue, M., and Frey, J. 1980. Electron-electron
interaction and screening effects in hot electron
transport in GaAs. Journal of Applied Physics
51:4234-39.
Kelley, M. C; Baker, K. D.; Ulwick, J. C ;
Rino, C. L.; and Baron, M. J. 1980. Simultane-
ous rocket probe, scintillation, and incoherent
scatter radar observations of irregularities in the
auroral zone ionosphere. Radio Science
15(3):491-505.

Mclsaac, P. R. 1980. Propagation in a
Gyromagnetoelectric Medium. Paper read at
North American Radio Science Meeting, 2-6
June 1980, at Universite Laval, Quebec,
Canada.

Oey, K. K.; Thomas, R. J.; and Linke, S. 1980.
Dynamic braking strategies for transient stabil-
ity control applied to a computer-driven mi-
cromachine. IEEE Transactions on Power Ap-
paratus and Systems PAS-99(4): 1324.
Olsson, A.; Tang, C. L.; amdGreen, E. L. 1980.
Active stabilization of Michelson interferometer
by an electro-optically tuned laser. Applied Op-
tics 19:1897'-99.

Pereira, E.;Kelley, M. C; Rees, D.; Mikkelsen,
I. S.; J/Srgensen, T. S.; and Fuller-Rowell, T. J.
1980. Observations of neutral wind profiles be-
tween 115- and 175-km altitude in the dayside
auroral oval. Journal of Geophysical Research
85(A6):2935^W).

Smith, P., andFrey, J. 1980. Electron Transport
Measurements with a Microwave Time-of-Flight
Experiment. Paper read at Physics of Submicron
Devices, 1-2 July 1980, in Ft. Collins, Colo.

Temerin, M., and Kelley, M. C. 1980. Rocket-
borne wave measurements in the dayside auroral
oval. Journal of Geophysical Research
85(A6):2915-24.

Thomas, R. J. 1980. Uncertainties in large-scale
electric power systems. In Proceedings of 1980

joint automatic control conference, p. TA3-E.
New York: Institute of Electrical & Electronic
Engineers.

• GEOLOGICAL SCIENCES
Angevine, C. L., and Turcotte, D. L. 1980. On
the compensation mechanism of the Walvis
Ridge. Geophysical Research Letters 1:471-79.

Bachman, S. B. (1980). Deformation of sedi-
ments in subduction complexes: Observations

from modern and ancient margins (abstract).
E0S, Transactions of the American Geophysi-
cal Union 61:376.

Bachman, S. B.; Underwood, M. B.; Schweller,
W. J.; and Karig, D. E. (1980). Variables affect-
ing trench and trench-slope sedimentation along
active continental margins (abstract). American
Association of Petroleum Geologists Bulletin
64:438.

Bird, J. M. 1980. Plate tectonics. Washington,
D.C.: American Geophysical Union.

Brewer, J. A., and Turcotte, D. L. 1980. On the
stress system that formed the Laramide Wind
River Mountains, Wyoming. Geophysical Re-
search Letters 7:449-52.

Brown. L. D.; Reilinger, R. E.; andCitron, G. P.
1980. Recent vertical crustal movements in the
U.S.: Evidence from precise leveling. In Pro-
ceedings of earth rheology, isostasy, and eus-
tasy, ed. N.-A. Morner, pp. 389-405. New York:
Wiley.

Cisne, J. L.; Chandlee, G. O.; Rabe, B. D.; and
Cohen, J. A. 1980. Geographic variation and
episodic evolution in an Ordovician trilobite.
Science 209:925-27.

Citron, G.; Kay, R. W.; Kay, S. M.; Snee, L.;
and Sutler, J. 1980. Tectonic significance of
early Oligocene plutonism on Adak Island, Cen-
tral Aleutian Islands, Alaska. Geology 8:375-79.

Graham, S. A., and Bachman, S. B. (1980). Deep
Sea Fan Processes and Structural Controls—
Implications from High Resolution Profiling on a
Modern Fan Complex, Offshore Southern
California. Paper read at Meeting of American
Association of Petroleum Geologists, Pacific
Section, 9-11 April 1980, in Bakersfield, Calif.

Jordan, T. E., and Douglass, R. C. 1980.
Paleogeography and structural development of
the Late Pennsylvanian to Early Permian
Oquirrh Basin, northwestern Utah. In Proceed-
ings, West-central United States paleogeog-
raphy symposium 1, ed. T. D. Fouch and E. R.
Magathan, pp. 217-38. Denver, Colo.: Society
of Economic Paleontologists and Mineralogists.

Kay, S. M., and Kay, R. W. 1980. Petrology and
Chemistry of the Lower Crust from Xenolith
Studies. Paper read at 26th International Geolog-
ical Congress, 7-17 July 1980, in Paris, France.

Kay, R. W.; Kay, S. M.; Citron, G.; and
Rubenstone, J. 1980. History of Magmatism in
the Aleutian Arc, Alaska, U.S.A. Paper read at
26th International Geological Congress, 7-17
July 1980, in Paris, France.

Moore, J. C ; Watkins,}.\Bachman, S. B.; et al.
1980. Progressive Accretion, Tectonic Trunca-
tion, and Subduction, Middle America Trench,
Southern Mexico: Results from Leg 66 DSDP.
Paper read at 26th International Geological Con-
gress, 7-17 July 1980, in Paris, France.

Perfit, M. R.; Brueckner, H.; Lawrence, J. R.;
and Kay, R. W. 1980. Trace element and isotopic
variations in a zoned pluton and associated
volcanic rocks, Unalaska Island, Alaska: A
model for fractionation in the Aleutian calc-
alkaline suite. Contributions to Mineralogy and
Petrology 73:69-87.

Rabe, B. D., and Cisne, J. L. 1980. Chrono-
stratigraphic accuracy of Ordovician ecostrati-
graphic correlation. Lethaia 13:109-18.

Reilinger, R.; Brown, L.; and Powers, D. (1980).
New evidence for tectonic uplift in the Diablo
region, West Texas. Geophysical Research Let-
ters 7:181-84.

Reilinger, R.; Oliver, J.;Brown, L.; Sanford, A.;
and Balazs, E. 1980. New measurements of
crustal doming over the Socorro magma body,
New Mexico. Geology 8:291-95,
Turcotte, D. L. 1980. On the thermal evolution of
the Earth. Earth and Planetary Science Letters
48:53-58.

Underwood, M. B.; Bachman, S. B.; and
Schweller, W. J. 1980. Sedimentary processes
and facies associations within trench and
trench-slope settings. In Quaternary deposi-
tional environments on the Pacific continental
margin, ed. M. E. Field, A. H. Bouma, and I.
Colburn, pp. 211-29. Tulsa, Okla.: American
Association of Petroleum Geologists.

• MATERIALS SCIENCE
AND ENGINEERING

Blakely, J. M., and Eizenberg, M. 1980. Mor-
phology and composition of crystal surfaces. In
Chemical physics of solid surfaces, ed. D. P.
Woodruff and D. A. King, pp. 1-80. Amsterdam:
Elsevier.
Carter, C. B. (1980o). The influence of jogs on
the extension of dislocation nodes. Philosophi-
cal Magazine A 41:619-35.

1980b. Observations on the climb of
extended dislocations due to irradiation in the
HVEM. Philosophical Magazine A 42:31^*6.

1980c. The study of grain boundaries in
ceramics by electron diffraction. In Proceed-
ings, 38th annual meeting of Electron Microsco-
py Association of America, ed. G. W. Bailey,
pp. 370-73. Baton Rouge: Claitor's Publishing
Division.

Carter, C. B.; Cosandey, S.; Hagege, S.; and
Sass, S. L. 1980. The Use of Electron Diffraction
Techniques to Study the Thickness of Grain
Boundaries. Paper read at 7th European Confer-
ence on Electron Microscopy, August 1980, in
The Hague, The Netherlands.
Carter, C. B.; Foil, H.; Ast, D. G.; and Sass, S.
L. 1980. Grain Boundaries in Silicon: An Elec- 46



tron Diffraction and Microscopy Study. Paper
read at 7th European Conference on Electron
Microscopy, August 1980, in the Hague, The
Netherlands.

Chiang, S. -W.; Carter, C. B.; andKohlstedt, D.
L. 1980a. Constricted segments on faulted di-
poles in germanium. Script a Metallurgica
14:803-7.

1980b. Faulted dipoles in germanium: A
high resolution electron microscopy study.
Philosophical Magazine A 42:103-21.

Foil, H.; Carter, C. B.; and Wilkens, M. (1980).
Weak-beam contrast of stacking faults in trans-
mission electron microscopy. Physica Status
Solidi A5$:397^07.

Hart, E. W. 1980. A theory for stable crack
extension rates in ductile material. International
Journal of Solids and Structures 16(9):807-23.
Mautz, J. A., andHart, E. W. 1980. The inelastic
bending of a nickel beam at several tempera-
tures: Experiment and prediction. U.S. Depart-
ment of Energy report COO-2733-29.

• MECHANICAL AND
AEROSPACE ENGINEERING

Booker, J. F. 1980a. Discussion of "Analysis of
dynamically loaded floating-ring bearings for
automotive applications" by S. M. Rohde and
H. A. Ezzat. Journal of Lubrication Technology
102:271-77.

1980b. Discussion of "A generalized
short bearing theory" by S. M. Rohde and D. F.
Li. Journal of Lubrication Technology
102:278-82.

Caughey, D. A. 1980. A (Limited) Perspective
on Computational Aerodynamics. Paper FDA-
80-07 read at AIAA 13th Fluid and Plasma
Dynamics Conference, 14-16 July 1980, in
Snowmass, Colo.

de Boer, P. C. T., and Hulet, J.-F. 1980. Per-
formance of a hydrogen-oxygen-noble gas en-
gine. International Journal of Hydrogen Energy
5(4):439-52.

George, A. R. 1980. Industry and aircraft: Major
problem areas for noise control. Engineering:
Cornell Quarterly 15(1): 12-19.

George, A. R.; Najjar, F. E.; and Kim, Y. N.
1980. Noise Due to Tip Vortex Formation on
Lifting Rotors. Paper AIAA-80-1010 read at
AIAA 6th Aeroacoustics Conference, 4-6 June
1980, in Hartford, Conn.

Goenka, P. K., smdBooker, J. F. 1980. Spherical
bearings: Static and dynamic analysis via the
finite element method. Journal of Lubrication

47 Technology 102:308-19.

Jahanmir, S. 1980. The mechanics of subsurface
damage in solid particle erosion. Wear 61:309-
24.
Leibovich, S., and Paolucci, S. 1980. Energy
stability of the Eulerian-mean motion in the
upper ocean to three-dimensional perturbations.
Physics of Fluids 23(7): 1286-90.

Levin, R. L. 1980. Generalized analytical solu-
tion for the freezing of a supercooled aqueous
solution in a finite domain. International Journal
of Heat and Mass Transfer 23(8):951-59.

Lumley, J. L. 1980. A new kind of readability in
turbulence modeling of the planetary boundary
layer. In Workshop on the planetary boundary
layer, ed. J. C. Wyngaard, pp. 158-81. Boston:
American Meteorological Society.

Taylor, D. L. 1980. Limit cycle analysis of rotors
with fluid film bearings. Paper FP9B in Proceed-
ings, 1980 joint automatic controls conference,
IEEE.

Taylor, D. L., and Booker, J. F. 1980. Discus-
sion of "A finite length bearing correction factor
for short bearing theory" by L. E. Barrett, P. E.
Allaire, and E. J. Gunter.Journalof Lubrication
Technology 102:283-90.

Taylor, D. L., and Fehr, V. 1980. Analysis and
Design of Segmented Dampers for Rotor
Dynamic Control. Paper read at ASME/ASLE
Joint Lubrication Conference, 18-21 August
1980, in San Francisco, Calif.

Torrance, K. E., and Catton, I., eds. 1980.
Natural convection in enclosures, HTD-vol. 8.
New York: American Society of Mechanical
Engineers.

Torrance, K. E., and Chan, V. W. C. 1980. Heat
transfer by a free convection loop embedded in a
heat-conducting solid. International Journal of
Heat and Mass Transfer 23(8): 1091-97.

Warhaft, Z. 1980ft. An experimental study of the
effect of uniform strain on thermal fluctuations
in grid generated turbulence. Journal of Fluid
Mechanics 99:545-73.

1980b. On the Decay of Two Coupled
Scalars in Grid Generated Turbulence. Paper
80-1352 read at AIAA 13th Fluid and Plasma
Dynamics Conference, 14-16 July 1980, in
Snowmass, Colo.

• OPERATIONS RESEARCH AND
INDUSTRIAL ENGINEERING

Bechhofer, R. E., and Tamhane, A. C. 1980.
Optimal Allocation of Observations for Select-
ing the Best of Several Normal Populations with
Known Unequal Variances. Paper read at An-
nual Meeting of American Statistical Associa-
tion, 11-14 August 1980, in Houston, Tex.

Cornuejols, G.; Nemhauser, G. L.; and Wolsey,
L. A. 1980. Worst-case and probabilistic
analysis of algorithms for a location problem.
Operations Research 28:847-58.

Dantzig, G. B., and Jackson, P. L. 1980. Pricing
underemployed capacity in a linear economic
model. In Variational inequalities and com-
plementarity problems: Theory and applica-
tions, ed. R. W. Cottle, F. Giannessi, and J.-L.
Lions, pp. 127-34. Chichester, Great Britain:
Wiley.

• PLASMA STUDIES
Dreike, P. L.; Glidden, S. C; Greenly, J. B.;
Greenspan, M. A.;Hammer, D. A.; Humphries,
S.; Neri, J. M.; Pal, R.; Sudan, R. N.; and
Wiley, L. G. 1980. Cornell intense ion beam
program. In Proceedings of 3rd international
topical conference on high power electron and
ion beam research and technology, pp. 88-96.
Novosibirsk, USSR: Institute ot Nuclear
Physics.

Greenspan, M. A.;Pal, R.;Hammer, D.A.; and
Humphries, S., Jr. 1980. An applied-Be magnet-
ically insulated ion diode. Applied Physics Let-
ters 37(2):248-50.

Hodgson, R. T.; Baglin, J. E. E.;Pal, R.; Neri,
J. M.: and Hammer, D. A. 1980. Ion beam
annealing of semiconductors. Applied Physics
Letters 37(2): 187-89.

Neri. J. M.; Hammer, D. A.; Ginet, G.; and
Sudan, R. N. 1980. Intense lithium, boron, and
carbon beams from a magnetically insulated
diode. Applied Physics Letters 37( I): 101-3.

• THEORETICAL AND
APPLIED MECHANICS

Dobrovolskis, A. R., and Burns, J. A. 1980. Life
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LETTERS

Editor: As a follow-up to your autumn issue
on the Solomon Cady Hollister Colloquium
on "Perspectives on the History of Rein-
forced Concrete in the United States,
1904-1941," I enclose a slightly edited
transcription of Dean Hollister's remarks
at the closing session.

John F.Abel
School of Civil and Environmental
Engineering
Cornell University

Ladies and Gentlemen: I would like to
express my gratitude for what has gone on
here, in terms of both its contribution to the
profession and of what it has meant to me
personally. . . . I feel, as Professor Bil-
lington has expressed, that we as engineers
do not pay enough attention to several
factors surrounding our work. One of these
is esthetic quality. But I wish to comment
on something else: I am impressed with the
practice orientation of this whole occasion.
We do not seem to have taken into account
sufficiently the fact that engineering prac-
tice is a clinical profession. We see
medicine, dentistry, law regarded as clini-
cal, and people preparing for these profes-
sions educated in the midst of practice, so
that the education itself is practice-
oriented, and the problems of research are
practice-oriented (sometimes these are
much more difficult to solve than those
trumped up in a laboratory). . . . I'm in my
eighty-ninth year, so I am going to lean
upon you younger ones here, and tell you
that I should like to see education for
engineers brought into the circle of practice
in a real and vigorous way, because I
believe that would help the profession and
the people in it.

S. C. Hollister

Editor: The autumn issue is a great tes-
timony to S. C. Hollister. The Cornell
School of Civil and Environmental En-
gineering stands second to none in concrete
technology and concrete structures.

Along with recognition for his degrees,
awards, and accomplishments, S. C. Hol-
lister should also be recognized as a Profes-
sional Engineer (P.E.) in the finest sense.
During his career, he made outstanding
contributions to the American Society of
Civil Engineers, and was recognized with
honorary membership in that society in
1959. Our universities must not fail to im-
part to each engineering student an under-
standing of the professional standards
which have been so well exemplified by the
career of S. C. Hollister. In the future, it
would be nice to see the initials P.E. along
with the B.S., M.S. and Ph.D. in each
faculty member's biography.

Fredericks. Keith, P.E.,
Cornell B.C.E. '56
Stearns & Wheler
Cazenovia, N.Y.
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