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INTRODUCTION: THE CLASSICAL CHEMICAL
ENGINEER AND THE POLYMER INDUSTRY

T HAS LONG BEEN REALIZED that the

standard chemical engineering curricula
taught in accredited schools throughout the coun-
try frequently ill suits the graduating student
(B.S., M.S. or Ph.D.) for industrial employment.
The polymer industry, by which we mean the
plastics, rubber and fiber synthesis and fabrica-
tion industry, is not only one of the most impor-
tant and innovative of the world’s chemical in-
dustries, but in America at least, it is a major
example of the above situation. The student find-
ing himself entrapped in an unfamiliar environ-
ment where only a very few of his courses are
of use perhaps remembering only vaguely or-
ganic and physical chemistry, heat transfer, and
(more recently) computer technology, soon de-
generates into using little more than intuition
and common sense in solving problems. Indus-
trial managers in parts of the polymer industry
often find their so-called professional employes
performing at a level inferior to technicians with
only high school backgrounds who have been
promoted from the ranks of the factory.

The chemical engineering profession’s reac-
tion to this problem in the polymer industry has
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Figure 1. — UT Polymer Rheologists studying the extrusion of
polyethylene. Graduate student Gerald Hagler (foreground) and
two consultants (L-R: D. C. Bogue and J. L. White).

been defensive and consists largely of an attempt
to define chemical engineering as involving only
those areas in which an engineer is basically
familiar from his college studies. This usually
means the detailed design of already existent
polymerization and related separation processes.
The choice and design of what polymer or com-
posite is to be manufactured, what its molecular
structure and morphological macrostructure
should be, how it is to be synthesized, and how it
is to be fabricated after it is produced are de-
cisions to be considered by individuals with other
academic backgrounds, presumably chemists.
This solution as to the position of the chemical
engineer in the polymer industry is unfortunate
but too often true.

ESPITE THE FACT that the American
chemical engineering profession and the
American Institute of Chemical Engineers was
founded by a group of men including one of the
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boldest early polymer innovators and entrepre-
neurs, Arthur D. Little, father of the industrial
development of cellulose acetate and American
usage of viscose, (Leo Baekeland who developed
phenol-aldehyde resins was also an early member
of the AIChE) ; the profession, its organization
and the academic curricula which derived from it
were almost completely bypassed by the rapid
development of plastics, synthetic fibers and syn-
thetic rubber and the technological culture they
engendered. The reasons for this are no doubt
complex. The failure by the 1930’s and 40’s to
develop good methods of presentation of indus-
trial chemistry, coupled with the success of the
unit operations concept, had a major effect on
the thinking of both old engineers and new
graduates. While unit operations was a triumph
of intellectual synthesis, the fact that it alone
of all new ideas in chemical engineering proved
successful caused chemical engineers to think in
terms of existing processes, their nature and
organization, and to never seriously develop a
materials or new product oriented viewpoint.
Further, the unit operations were always limited
to flow, heat transfer and separation processes
involving gases and low viscosity liquids such as
occur in a typical chemical plant involving low
molecular weight components. Screw extrusion,
fiber spinning, calendering, milling and molding-
operations widely performed at the time on rub-
ber and cellulosics were not included. The new
heat transfer correlation or modified gas adsorp-
tion column design method became the important
thing to the chemical engineer — the new prod-
uct and the method of manufacturing it, receded.
It was apparently this culture that caused the
new materials oriented synthetic polymer indus-
try to develop without really being recognized by
the chemical engineering profession. No man
has had more influence in remaking the Ameri-
can chemical industry and its foremost firm than
the late Wallace H. Carothers, the first truly
successful synthetic rubber plus the entire syn-
thetic fiber industry being the out-growth of his
efforts (1). But Carothers’ accomplishments were
outside the domain of the increasingly ingrained
classical unit operations philosophy and he was
never accepted by the chemical engineer. To this
day, the man who developed polychloroprene,
polyesters, polyamides and the melt spinning
process is considered as not one of their own but
“some sort of chemist.” (What is a chemical
engineer?) As the chemical engineer did not
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recognize the unique contributions of the new
polymer industry, it is not surprising that their
professional society was largely bypassed. The
engineers and scientists of the rubber industry
meet in the semi-autonomous Division of Rubber
Chemistry of the American Chemical Society.
The plastics industry meets in the Society of
Plastic Engineers.

THE PROBLEM of chemical engineering and

the polymer industry has now been recognized
by many individuals and efforts, if sometimes
faltering, have been made to remedy the situa-
tion. Polymer science courses are appearing in
chemical engineering departments and increas-
ing numbers of the symposia have been organ-
ized at meetings. A most hopeful sign has been
the formation of the Materials Engineering and
Science Division of the AIChE. Academic awak-
ening to the problem of polymer education and
research seems to be on hand. One of the first
polymer programs was formed a quarter of a
century ago by Herman Mark in the Chemistry
Department at the Polytechnic Institute of
Brooklyn. In more recent years, programs have
been developed at Princeton, the University of
Akron, Case-Western University, the University
of Massachusetts and many other schools.

Why the University of Tennessee? The Uni-
versity of Tennessee, one of the nation’s most
public spirited land grant universities, is located
in East Tennessee in the heart of the southern
Appalachians, an area with few educational
institutions with highly trained specialists. Aside
from the Atomic Energy Commission-Union
Carbide facilities at Oak Ridge, the major chem-
ical industry of Tennessee is polymer industry.
This is true of Tennessee Eastman at Kingsport
in the northeast tip of the state, of du Pont at
Chattanooga and Old Hickory; of American
Enka at Lowland, of Buckeye Cellulose at Mem-
phis, of Aladdin Industries at Nashville, and of
Rohm and Haas at Knoxville. It is indeed true
of many small companies such as those who
primarily extrude and injection mold plastics.
Polymer education and research is a duty and
indeed, a necessity of the University of Tennessee
to serve the needs of the state. Looking further
afield to the chemical industry outside the state
but bordering East Tennessee are Monsanto at
Decatur, Alabama; American Enka at Asheville,
North Carolina; and Celanese at Charlotte,
North Carolina. We again see a chemical indus-
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try which is primarily a polymer industry, in-
deed, one which is strongly synthetic fiber ori-
ented.

HISTORY OF THE POLYMER PROGRAM

HE DEPARTMENT of Chemical and Metal-

lurgical Engineering research and educational
programs in polymers has grown out of two long
established research programs, rheology and
crystallography with the former being the main
root. Rheological research in the Department
was established by F. N. Peebles in the early
1950’s and has centered around the problem of
observing velocity and stress fields in the region
connecting a large reservoir and a small conduit.
The research started with the use of milling yel-
low suspensions to determine velocity fields in
Newtonian fluids by birefringence methods and
the classic work of Prados and Peebles (2) was
one of its products. From 1957 to 1960, Peebles
worked for the Oak Ridge National Laboratory
but in the latter part of 1960 returned to the
staff of the Department.

In 1960, Donald C. Bogue, a then recent graduate of
the University of Delaware, joined the staff and began
work with Peebles in broadening the scope of the early
birefringent flow studies to involve polymer solutions
where the stress components values may be obtained (3).
Not too long afterwards, Peebles became head of the new
Department of Engineering Mechanics and Bogue con-
tinued in what is now a famous series of stress birefring-
ent studies on flow into the inlet of a capillary (4). About
the same time, he began studies on the development of
stress-deformation history relationships (constitutive
equations) for viscoelastic fluids i.e., polymer solutions
and melts deepening the rheological research interests of
the Department (5). Meanwhile, Peebles was building
strength in rheological research areas in the Department
of Engineering Mechanics and his own research was be-
coming more oriented toward polymer solutions.

The late 1960’s saw a conscious move away from
research on polymer solutions, considered as arbitrary
viscoelastic continua and to bulk polymers themselves
considered as materials who detailed structure and phase
relationships were important. There were many inputs
into this. Critical discussions of the view of the polymer
industry on what aspects of rheology they considered to
be most important were carried on between Bogue and
industrial rheologists, particularly Roger Schulken of
nearby Tennessee Eastman. The hiring of James Lindsay
White of Uniroyal who had worked in polymer rheology
for many years (and knew Bogue in graduate school)
and the beginning of a research program in polymer
crystallography by Joseph E. Spruiell, a Metallurgical
Engineering faculty member known for his X-ray dif-
fraction studies of alloys, helped begin a new polymer
era at the University of Tennessee.

WINTER 1971

Bogue, White and Spruiell saw the need for innova-
tions in Department programs. New undergraduate and
graduate level courses in polymers were developed and
added to the curriculum. A weekly Rheology Seminar
devised by Bogue and Peebles evolved into a Polymer
Seminar. A $750,000 University Science Development
(Centers of Excellence) grant received by the Depart-
ment in 1969 was used in part for purchase of additional
new equipment. A polymer solution and suspension rhe-
ology laboratory of the early 60’s proliferated into poly-
mer melt rheology, polymer processing, polymer physical
chemistry and characterization, and crystallography labo-
ratories. Some of these laboratories are being used in
conjunction with the Metallurgical Engineering pro-
gram. New, more broadly based research programs on
polymer melt flow instability, chromatographic fractiona-
tion of polymers, rubber processing, strain induced ecrys-
tallization and melt spinning of fibers came in to being
(6, 7). Rather wide ranging experimental studies were
carried out.

In 1969-70 new blood was infused into the Tennessee
polymer effort with the addition to Prof. Misazo (333(
Yamamoto, one of Japan’s leading polymer physicists,
who came from Tokyo Metropolitan University as a
visiting professor; and D. Acierno (University of Na-
ples), N. Nishida (Hokkaido University) and J. M. Rod-
riguez (University of Missouri-Rolla) who came as post-
doctoral fellows. Yamamoto taught advanced graduate
level courses in statistical mechanics of polymers and
with White initiated a research program in this area (8).
Nishida put the recently purchased polymer characteriza-
tion equipment in working order.

At the close of the decade a mew polymer educational
program was developed and approved at the University
of Tennessee which involves M.S. and Ph.D. degrees in
Chemical and Metallurgical Engineering with Specializa-
tion in Polymer Science and Engineering. The program is
a joint effort with the Chemistry Department which offers
a similar specialization.

During the period January-September 1970, D. C.
Bogue was with the Department of Polymer Chemistry
of Kyoto University in Japan where he was associated
with Prof. S. Onogi.

In October 1971, the University of Tennessee will host
the fall Society of Rheology meeting.

PHILOSOPHY AND OPERATION OF THE POLYMER
PROGRAM

HE BASIC PHILOSOPHY of our program

is that since all of chemical science and tech-
nology is dependent upon three distinct types of
academic curricula — chemistry, chemical engi-
neering and metallurgical engineering, essen-
tially the entire framework of the unique prob-
lems of the polymer industry falls within the
jurisdiction of chemical engineering. This in-
volves industrial polymerization methods includ-
ing heterogeneous processes such as emulsion
and graft polymerization, the synthesis of new
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polymers; and development of composite systems
to provide new combinations of mechanical,
thermal and optical properties; property-struc-
ture relationships; new product development and
polymer processing operations. Much of the
polymer industry is materials oriented and aca-
demic polymer programs in chemical engineering
should have a materials orientation. We believe
that chemical engineering should be where the
chemical industries’ interests and problems are
and the program is thus being increasingly given
a materials orientation. As G. C. Frazier of our
Department points out in a wider context, chemi-
cal engineering education should be more con-
cerned with engineering synthesis and innova-
tion and not just engineering analysis. Yes, we
consider Wallace Carothers to have been a chem-
ical engineer, indeed a great one, whose con-
tribution was engineering synthesis. Accepting
this, we see that it is the endeavor of our pro-
gram and indeed as a state institution, a re-
sponsibility, to (1) provide education (2) carry
out research and (3) cooperate with and en-
courage local industry in polymer studies and
development.

The polymer education programs operate at
both the undergraduate and graduate levels. A
first look at polymer materials science occurs in
a sophomore level materials course offered by our
Department. Seniors are given the opportunity
of taking one or both of two undergraduate (and
beginning graduate) level courses; ChE 4910 —
Applied Polymer Science and ChE 4920 — Poly-
mer Processing. The former course emphasizes
structure, methods of characterization, physical
and thermodynamic properties and property-
structure relationships for polymers. ChE 4920
is really a generalized unit operations course. It
treats the rheological properties of polymers
(and methods of rheological characterization
e.g., viscometry) and the various unit operations
of a plastics, synthetic fiber or rubber fabrication
plant including scre extrusion, mixing, fiber
spinning and calendering. Senior projects and
Bachelor’s theses in polymer research and tech-
nology are offered and some undergraduates have
been involved in this each year.

The graduate program in polymers is built
around a student’s electing a M.S. thesis and/or
Ph.D. dissertation in polymer science and engi-
neering. Students electing such are fitted with a
graduate program involving the fundamentals of
physical and organic chemistry, mathematics,
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Figure 2. — Prof. J. E. Spruiell and D. E. McCord studying the
extent of crystallinity in polyethylene terepthalate.

physics, and classical chemical engineering as
well as in polymers. Courses in polymers such
as ChE 4910 and 4920; Chemistry 5140 — Poly-
mer Chemistry; ChE 5910-20-30 — Special Top-
ics in Polymer Science are supplemented then by
courses in thermodynamics, diffusive mass trans-
port, partial differential equations, fluid mechan-
ics and classical chemical reactor design. We
believe the emphasis on fundamentals is very
important. A pitfall in polymer programs is the
tendency to produce superficially educated indi-
viduals who only qualitatively understand appli-
cations of physical methods to polymer science
without understanding the basis of such methods.
Students who elect advanced work in rheological
behavior of polymers have available a sequence
of courses in modern continuum mechanics from
both the Engineering Mechanics and Chemical
Engineering Departments (Engr. Mech. 5800 —
Introduction to Continuum Mechanics; ChE
5820 — Non-Newtonian Fluid Mechanics; ChE
6380 — Advanced Continuum Mechanics). Stu-
dents researching the crystalline or crystalliza-
tion characteristics of polymers may choose from
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a sequence of courses on crystallography and ex-
perimental methods developed by the Metallurgi-
cal Engineering wing of the Department (MetE
4510-20 — X-Ray Diffraction, MetE 5510-20 —
Electron Microscopy). In addition students par-
ticipate in a weekly Polymer Seminar.

The Department is well equipped for polymer
research having characterization apparatus such
as a Gel Permeation Chromatograph and a mem-
brane osometer. Rheological research equipment
includes a Weissenberg Rheogoniometer and an
Instron Capillary Rheometer. Processing equip-
ment includes a one-inch screw extruder with
optional attachment for melt spinning of fibers
and a Farrel laboratory mill with variable roll
speeds and friction ratio. For crystallographic
studies, we have in addition to a complete X-ray
diffraction laboratory, a Philips 300 electron
microscope and various optical microscopes.

POLYMER RESEARCH in our Department

may be divided as follows: (1) Polymer Proc-
essing and Rheology, (2) Crystallography and
Crystallization, (3) Characterization and Chrom-
atography and (4) Property Structure Relation-
ships and New Materials. This research not only
reflects the interests of the individual professors
but also the interests of the polymer industry of
the state. An attempt is made to develop inte-
grated programs involving all faculty. These
three points are reflected for instance in the
study of melt spinning and drawing of fibers,
which is currently being carried out by Profs.
Bogue, Spruiell and White as a joint venture.
This project was also the main endeavor of Drs.
Acierno and Rodriguez. Other pragmatic re-
search includes studies of the effects of carbon
black on rubber and the development of new
composites. Not all research is meant for imme-
diate application and background information is
required for our processing oriented studies.
Thus, polymers must be characterized rheologic-
ally, crystallographically and molecular struc-
turewise to fully interpret their response in
polymer processing operations. This requires
separate research in these areas. Related to this
have been endeavors to develop new methods of
polymer characterization especially in chroma-
tography. Currently a program in this area em-
phasizing porous adsorbents is being carried out
under the direction of J. L. White and N. Ni-
shida. The need for further knowledge of flow
of polymer melts and polymer phase transitions
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have led to theoretical hydrodynamic and statis-
tical mechanics research. Other research in the
department complements this work, for exam-
ple, S. H. Jury has worked on the nature of
packed bed adsorption and drying operations
which closely resemble chromatography, H. W.
Hsu has worked on centrifugal methods of sepa-
rating biological macromolecules and G. C. Fraz-
ier on gas absorption into body fluids; J. J.
Perona has worked on the interaction of natural
and forced convection heat transfer. Metallurgi-
cal researchers study mechanical properties,
transitions and crystallographic structures of
alloys. There has been considerable interplay of
ideas.

The interrelation of the polymer program
with industry may be divided into four parts:
(1) teaching courses in polymers (generally
ChE 4910 and 4920) via remote means and visits
in locations near or within industrial facilities,
(e.g., Kingsport, Decatur and Chattanooga), (2)
an open invitation to attend most Polymer Sem-
inars (individuals have come from as far as
Memphis and Asheville, North Carolina to at-
tend), and (3) Tennessee Industries Week, in
which a course in an aspect of polymer engineer-
ing is generally held during the last week in
August. This consists of a four-day workshop
and a much larger full-day symposium.
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Parametric sensitivity and autothermal stability
are next treated and the chapter concludes with
a discussion of flow profile and axial dispersion
effects. The last chapter (10) is primarily con-

cerned with optimal operation and control of

batch reactors.
K. B. Bischoff
Cornell University
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Specialization in
FINE PARTICLE
TECHNOLOGY

CLYDE ORR, JR.
Georgia Institute of Technology
Atlanta, Georgia

American universities do not emphasize sub-
specialities within a general field as much as do
some of our European counterparts, except by
way of thesis research. Georgia Tech and Lough-
borough University of Technology in England
are inaugurating an exchange program for first-
year master’s degree graduate students in chem-
ical engineering that will bring somewhat more
specialization into U. S. education and will
broaden the program for the English students.
The area of specialization of this initial program
may be generally termed fine particle technology.

Loughborough University is primarily a tech-
nological institution with departments covering
a full range of engineering disciplines, applied
sciences, management, and the social sciences. It
is much like Georgia Tech in orientation, course
offering, size, and student background. Within
its chemical engineering department are profes-
sors having special competence in solid-liquid
separation, comminution, emplsification, mixing
and blending, and the like, while Georgia Tech
competence in the fine particle area tends more
toward aerosol technology and air pollution
abatement. Exposure of students to both special
groups with their different viewpoints along with
instruction in the more traditional subjects of
thermodynamics, transport phenomena, advanced
mathematics, etc., will result, it is beileved, in an
augmented educational experience and lead to
considerable expertise on the part of the recipi-
ents

Approximately the first six months of gradu-
ate study will be spent at the foreign institution
and the remaining time at the home institution,
thus enabling the students to conduct their thesis
research at the home institution. The thesis prob-
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lem must involve some aspect of particle tech-
nology. The degree will be awarded by the home
institution upon satisfactory completion of the
course of study. Each institution enrolls its own
students and is responsible for obtaining or
advising on financial support for its students.

A typical Master’s program for Georgia Tech
students at Loughborough would be as follows:

Fall Quarter Winter Quarter

Mathematics

Particle Characterization
Particle/Fluid Systems
Interfacial Phenomena
Particle Lab. 15 hrs/wk)

Mathematics

Fluid Mechanics

Heat & Mass Transfer

Thermodynamics

Computing

Laboratory (6 hrs/wk)
Upon returning to Georgia Tech, students will

be required (1) to complete satisfactorily two of

the three graduate courses: Aerosol Technology,

Industrial Emission Control, and Atmospheric

Reactions; (2) submit an acceptable thesis; and

(3) participate, as long as enrolled, in a seminar

course.
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