A coursein. ..
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NEW ONE-SEMESTER graduate course in topics
on random media is being offered in the Depart-
ment of Chemical Engineering at the University of
Pennsylvania. The following is a report on the experi-
ence of preparing and delivering such material. As is
probably the case with all topical graduate courses,
this one is highly biased towards the research in-
terests of the instructor.

The need to predict bulk properties of ordered,
and especially of disordered, two-phase materials per-
vades almost every field of chemical engineering. Por-
ous rocks and porous catalysts, composite solids and
packed beds, microporous membranes and hollow-
fiber bioreactors, are only a few of the myriad exam-
ples where it is necessary to cope with a random con-
figuration that cannot be described deterministically
but only through a few statistical averages. Both the
importance and the difficulty of these problems are
well measured by the voluminous size of the literature
that has been written in the last one hundred years.
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Unfortunately, much of it has consisted of ad hoc ap-
proximations; most of the available rigorous results
have been generated only in the last fifteen years.

The material covered in the course has its sources
in several rather disjointed fields of science and
technology. In addition to classical engineering areas
such as transport in composites and other two-phase
materials and transport in porous media, it draws its
concepts and problems from active areas of con-
densed-matter physics. The study of amorphous sol-
ids, and especially of critical phenomena, has brought
about the ideas of percolation theory, for example.
Therefore, the selection of material for one semester
from the long list of what can conceivably be touched
upon represents a significant challenge. The main
peril is, of course, that the course may result in an
encyclopedic juxtaposition of topics. The outline,
shown in Table 1, is the still evolving compromise.

A few words on prerequisites are in order. A cur-
sory reading of Table 1 will reveal that the level at
which these topics may be presented depends very
strongly on the previous exposure of the students to
material in a few important areas. Students enrolled
in this course are chemical engineering PhD candi-
dates who have previous education in transport pro-
cesses. Another ideal prerequisite for a course of this
nature ought to be a semester of statistical mechanics,
something perhaps not as easy to implement un-
iformly. In chemical engineering, statistical mechanics
is usually identified with the study of the molecular
theory of liquids, aimed at a prediction of their ther-
modynamic properties. The subject of liquids might
not seem too relevant to a study of the effective be-
havior of random solids. However, exposure to statis-
tical mechanics would ideally train a student to think
at a molecular level and to relate, as cause to effect,
phenomena occurring at very different scales of length
and time. The student would also develop an intuitive
understanding of the interplay of energetic and en-
tropic tendencies in nature, as well as of the cruc: .
importance of cooperative effects in determining mac-
roscopic behavior. Lastly, but equally important, the
studies of fluids and of random geometries share the
same statistical formalism (although the theories writ-
ten in it are different). The ability to write and under-
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stand probability distributions and correlation func-
tions represents a distinct advantage.

The introduction to the course consists of a survey
of transport and related processes in fluid and solid
multiphase systems. Batchelor (1974) presented a
comparison of the most relevant ones, with special
emphasis on fluid mechanical problems, such as viscos-
ity, sedimentation rate, flow permeability, etc. The
complexity of each problem depends on tensorial order
and also on whether the initial microstructure of the
system is fixed or whether it varies as a result of the
transport phenomenon under consideration.

For the sake of simplicity, diffusion (or equiva-
lently conduction) in a two-phase solid system was
selected as a paradigm for detailed discussion. All stu-
dents in the course have had previous exposure to
material of this level of difficulty in their under-
graduate and graduate transport courses. Although
effective diffusion is in many ways simpler than other
problems, a variety of particular regimes can be gen-
erated as the relative length and time scales are
changed. The class discussion is focused on the iden-
tification of the relevant diffusion mechanism when,
for example, the size of the inhomogeneities is
changed. Providing the ability to distinguish mecha-
nisms is one of the objectives of the course. Another
goal is to familiarize the students with key references

The material covered in the course has its

sources in several rather disjointed fields . . . In
addition to classical engineering areas . . . it draws its
concepts and problems from active areas

of condensed-matter physics.

and techniques appropriate for each of such problems.
Lastly, it is hoped that the overview serves an inte-
grating purpose: an awareness of the similarity behind
seemingly different phenomena and at the same time
of the differences between processes sometimes
lumped under a single name.

The discussion on the experimental determination
of the microstructure of a system is limited to
porosimetry and to image-analysis techniques. The
existence of an image analysis laboratory in our de-
partment creates a particular interest in quantitative
stereology, an application of geometric probability to
the study of lower-dimensional sections of three-di-
mensional systems.

Although many of the available rigorous results on
disordered systems, such as those of percolation
theory, have been developed using lattice models, the
course strives to avoid “lattice thinking” as much as
possible. The survey of useful models (section 3 of the
course outline) is a further application of statistical

TABLE 1

Course Outline

AN INTRODUCTION TO THE STUDY OF DISORDERED GEOMETRIES AND THEIR EFFECTIVE PROPERTIES

1. Introduction: Transport through Disordered Systems

¢ Survey of effective transport, electrical, magnetic, and
elastic properties of miltiphase systems. Analogies and
differences between problems.

* Time and length scales in diffusion problems. Effective,
anomalous and hindered diffusion. Knudsen diffusion.
Diffusion limited reaction. Diffusion with homogeneous
reaction.

2. Microstructure Determination
¢ Porosimetry and its interpretation
¢ Introduction to quantitative stereology. Concepts in statis-
tical geometry.

3. Survey of Models

* Random-pore and random-fiber models. Cylindrical and
spherical pores. Porosity and surface area. Pore size dis-
tributions. Time-dependent examples. Applications to gas-
solid reactions.

* Cellular structures. Voronoi and other tessellations. Gener-
ation and statistical properties

* Correlated pores and inclusions. Equilibrium and nonequi-
librium structures. Correlation functions and their use.

* Continuous disorder. Correlation length. Models for random
surfaces.

4. Connectivity and Dimensionality

* Percolation theory and its applications. Problems: lattice,
off-lattice and truly continuous percolation. Survey of
available results. Site and bond percolation. Simulation
and renormalization methods. Scaling laws and dimen-
sional invariants. Percolation on a Cayley tree and in in-
teracting systems. Application to porosimetry.
Fractal geometries. Characteristic lengths and self-simi-
larity. Methods of determination of the fractal dimen-
sionality of "surfaces" and "volumes." Diffusion in fractal
structures.

5. Effective Properties

¢ Dispersions of low concentrations. Maxwell and related
equations.

* Dense dispersions. Resistor network approximation.

 Effective medium theories.

* Variational bounds.

6. Special Topics

+ Student papers and presentations to the class based on
applications of interest to each individual.
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geometry to the most popular representations of the
geometry and topology of a two-phase solid. At least
one lecture on truly continuous disorder is also in-
cluded. In the situations described by this picture, the
properties of the material do not take just two or three
values, corresponding to (say) two or three distinct
phases, but vary in a smooth fashion, taking an infin-
ity of values.

Percolation theory is the study of the connected-
ness between phases or between different regions of
a phase. The percolation transition is the sudden
change in the appearance and properties of a system
when previously disjointed regions of it coalesce,
forming a continuous path. The transformation of a
liquid into a gel, the extended wetting of a porous
rock or ceramic, the incipient conduction in a metal-in-
insulator composite, are examples of percolation pro-
cesses. Percolation theory is a young but already es-
tablished field, as indicated by the fact that at least
two introductory textbooks have been written on it. It
is likely that it will become a standard component of
even undergraduate chemical engineering curricula.

A short section of the course is devoted to fractals,
another new (if not outright trendy) topic. There is
indeed more to fractals than beautiful pictures of snow
crystals or landscapes in full color, although the quan-
titative aspects have received much less publicity. The
fractal nature of the geometry of a system has direct
consequences on its transport properties, in the form
of a small-sample effect. It is surprising that for diffu-
sion in samples smaller that a certain length, the ap-
parent diffusivity depends on the size of the system.
In other words, doubling the size of the sample does
not add “more of the same”: in some examples it might
imply the presence of larger and larger pores.

The last part of the course deals with the calcula-
tion of effective diffusivities (or conductivities) in two-
phase systems. Of course, no general analytic solution
is possible, so that three limits are discussed, each
corresponding to a different small-parameter approx-
imation. It is unfortunate that a practical “mapping”
of the regimes of validity of these approximations is
yet to be done. The derivation of variational bounds
to the effective diffusivity offers another rigorous line
of approach. The length and diversity of the material
already included in the semester does not allow the
presentation of numerical techniques.

The course concludes with student presentations
and written reports of key papers in the field. Most
of these papers are applications selected from the list
of references given below, and are assigned in accor-
dance to the specific interests of the students. About
twenty homework problems are also assigned. Grad-
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ing is based on the term papers and on one in-class
examination. The list of suggested books and addi-
tional references is perhaps too long. This indicates
the need for a synthesis of selected material into a
monograph that can at the same time summarize the
high points and open doors for in-depth further read-
ing in specific areas. It is hoped that the class notes
for this course may serve as a starting point in such
a development.
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would have been to present a detailed presentation of
a few important design correlations. A more complete
treatment of the application of the mechanical energy
balance to non-isothermal and compressible systems
is needed.

In the third section the development of differential
balances of mass and linear momentum is given, with
the same clarity and in the same notation as the mac-
roscopic balances of the preceding section. The pre-
sentation of the Cauchy and Navier-Stokes equations
is made in tensor notation. I have not found this to be
an impediment to students’ understanding. To the
contrary, the dimensional relationship between vec-
tors and tensors provides a clear distinction between
force and stress. Students in my classes are very wil-
ling to learn new mathematics when they believe it is
motivated by a need to frame an otherwise difficult
concept and not by a pretense of rigor. The following
chapter applies these conservation equations to the
usual one dimensional flows.

The next section of the text is a skillful arrange-
ment of topics in which creeping and inviscid flow lim-
its are taken on the Navier-Stokes equation in reduced
form. These limits are first introduced in a separate
chapter on Hamel flow which is an excellent choice of
problems, since numerical solutions can be obtained
easily and compared to the limiting analytic solutions.
This gives me a chance to reiterate the importance of
the reduction of complex problems to underlying
primitives and to make the connection between this
reduction and the limiting process.

The final section is composed of a series of “special
topics,” which includes chapters on turbulence and
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viscoelasticity. Much of the background for a discus-
sion of turbulence is provided in the preceding chap-
ters on inviscid and boundary layer flow and the em-
phasis here is on the time averaging of the Navier-
Stokes equation and the development of the universal
velocity distribution. I believe that a brief introduc-
tion to stochastic processes is more useful to the stu-
dent at this point than the following chapter on num-
erical solutions of PDEs. This allows for some con-
tinuity in the introduction of viscoelastic behavior as
“fluid with memory.” Missing from the chapters on
viscoelastic and turbulent flows are the “gee-whiz”
phenomenon which leave the student at the end of the
semester with a taste for the variety of scientific ex-
perience and provide the qualitative extension to com-
plex systems which had, otherwise, been the consis-
tent theme of the text. []

ENGINEERING FLOW AND HEAT EXCHANGE
by Octave Levenspiel

Plenum Press, New York, NY 10013 (1984)

366 pages, $34.50

Reviewed by
Roland A. Mischke
Virginia Polytechnic Institute and State Univ.

This book presents the basic macroscopic equa-
tions for the solution of fluid flow and heat transfer
problems in concise form. However, the major thrust
of the book is in the application of these fundamental
equations to the solution of problems not usually en-
countered in typical courses in fluid flow and heat
transfer (particularly those dealing with particulate
systems).

On paging through the book, one is first struck by
the freehand illustrations (did a human being write
this book rather than a computer?) and fluid flow prob-
lems with such intriguing titles as “Counting Canaries
Italian Style.” I have often thought of Octave
Levenspiel as the Dr. Seuss of chemical enginering—
an author who uses the premise that even the learning
of engineering principles can be fun. Just as Dr. Seuss
introduced us to the alphabet beyond the letter “z” in
“On Beyond Zebra,” so Octave Levenspiel might well
have titled this work “On Beyond Transport Phenom-
ena.”

The book is divided almost equally between the
two areas, and the fluids portion successively treats:
Basic Equations for Flowing Streams, Flow of Incom-
Continued on page 200.
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