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IF THERE IS ONE subject in which the philosophy of
undergraduate instruction at various institutions
could be best described as diverse, it is transport phe-
nomena. Topics which fall under this heading may be
found in courses titled as unit operations, fluid me-
chanics, heat and mass tansfer, or simply transport
phenomena. The content of these courses is as varied
as the titles are, with the resulting extremes being
students who are either quite knowledgeable in the
workings of various pieces of process equipment or
who have a grasp of transport processes only on a
microscopic level. Consequently, each student enter-
ing our graduate program has a different level of un-
derstanding of the basic principles governing the
transport of heat, mass, and momentum as well as a
diversity of the analytical skills which are necessary
to solve these problems. The question becomes: How
does one teach a single course sequence which all of
these students will find interesting and challenging?

At Notre Dame this is done by following a
philosophy for a two semester graduate transport phe-
nomena course sequence which we suspect is similar
to most other schools. The fundamental principles are
explained and emphasized a number of times through-
out the course. The skills necessary to solve the re-
quisite differential equations are honed, and a signifi-
cant amount of time is spent discussing example prob-
lems which display both important physical situations
and interesting solution techniques.

The principal difference between our courses and
those which we have encountered elsewhere is that
we have designed the content and order of presenta-
tion so as to avoid placing undue hardships on students
whose undergraduate education did not emphasize the
formulation and solution of partial differential equa-
tions. This is done by saving most of the advanced
mathematics for the second semester.

The first course strongly stresses the pertinent
physics and the correct way to approach an arbitrary
new problem, be it micro or macroscopic. When stu-
dents learn some of the more powerful mathematical
techniques for solving problems in heat and mass
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transfer in the second semester, they are able to
explore problems involving greater mathematical
complexity (such as Rayleigh-Benard convection and
fluid flow past a heated sphere) without becoming
overwhelmed.

FLUID MECHANICS

The subject of the “Transport Phenomena I”
course, which is taught in the fall, is primarily fluid
mechanics. In fact, given both of the instructors’ re-
search interests, the course could be better titled
“Fluid Mechanics.” A quick survey of simple macro-
scopic problems is done so that students who spent
their summer in Europe or spinning discs at local dance
establishments can reorient themselves to course-
work. A homework problem set assigned the first
class day includes both easy and difficult problems
which are typically discussed in undergraduate
courses. From the various complaints, it is possible to
judge what topics must be reviewed. (It is interesting
to note how many students have difficulty getting the
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correct number for pressure drop for turbulent flow
in a smooth pipe.)

Lectures begin with a discussion of the kinds of
forces which are found in fluid flows and how to de-
scribe them mathematically. The stress and strain
tensors are introduced along with transformations and
index notation. The primary references for this mate-
rial are the texts by Whitaker [1] and Batchelor [2].
The boundary conditions which arise in various phys-
ical situations are then introduced. At this point it is
possible to derive the mass and momentum conserva-
tion equations. The derivation is done both by shell
balance and by using the substantial derivative to con-
vert Newton’s second law from a Lagrangian to an
Eulerian framework. The conditions under which
these equations reduce to the Navier-Stokes equa-
tions are examined.

The equations of motion are then used to solve
problems in one or more dimensions, first for cases
where exact solutions exist. Mathematical techniques
such as separation of variables and special functions,
which may be new to many students, are introduced
in lectures and are used for homework problems.

A quick survey of the kind of fluid flow problems
which engineers with advanced degrees may need to
solve during their career indicates that not all of them
should be approached from the microscopic view. Un-
fortunately, many students have gotten the idea that
the macroscopic momentum equations are useful only
to solve homework problems in undergraduate
courses; they have the mistaken impression that all
real problems will yield to a detailed analysis using
the Navier-Stokes equations. In addition to not realiz-
ing whether differential or integral balances are ap-
propriate, their ability to successfully apply integral
balances to other than one dimensional problems is
generally limited.

For this reason, lectures which deal with macro-
scopic problems are inserted at this point. Macro-
scopic balance equations are derived from the differ-
ential equations by the application of the divergence
theorem and also by using integral averages of flows
and forces on macroscopic control volumes. A typical
homework problem might be the derivation of Dress-
ler’s equations for flow of a turbulent fluid in channel
including the effects of air shear and surface tension.
The mechanical “energy balance” is derived from the
momentum balance for two reasons. The important
concept of dissipation, which accounts for the missing
energy, is introduced and the natural link between
thermodynamics and fluid mechanics is developed.

This link is further explored when the next sub-
ject, compressible flow, is discussed. Compressible
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flows occur in numerous physical situations which
chemical engineers may encounter, but they seldom
receive much attention in courses. (Does the velocity
of a gas really increase as it flows through a pipe?
Why is the gas pump for my experiment not working
at its rated flow rate?) When the macroscopic balance
equation for total energy is derived and compared to
the mechanical energy equation, the physical signifi-
cance of dissipation in terms of entropy becomes clear.
The relation between entropy production and velocity
gradients is discussed. The concept of sonic velocity
and choking are also introduced.

The focus of the course now shifts to follow what
is more commonly taught in graduate transport
courses—application of the Navier-Stokes equations
to problems where exact solutions do not exist. Creep-
ing flow is done first. The important idea here is that
various nonzero terms are neglected not simply be-

. . we have designed the content and order of
presentation so as to avoid placing undue hardships on
students whose undergraduate education did not
emphasize the formulation and solution

of partial differential equations.

cause they are small, but small in comparison to other
terms. The physics of creeping flows is discussed in
detail—what does it really mean to have no inertia?
It is noted that velocity fields (solutions to Stokes’
equations) are superimposable as a consequence of the
linearity of the equations.

The solution to the zero Reynolds number equa-
tions is done for the sphere, and arguments leading to
Stokes’ paradox are investigated. The Oseen solution
is done and Whitehead’s paradox is discussed. At this
point the general idea of perturbation solutions is in-
troduced and used to improve the solutions for rotat-
ing flows. In addition, the matched asymptotic solu-
tion for flow around a sphere is briefly outlined.

The next topie, ideal fluid flow, commences with a
description of the physical meaning of irrotationality
and situations where it provides an accurate descrip-
tion. The primary source of information for lectures
on ideal fluids is gotten from the texts by Streeter [3]
and Lamb [4]. The velocity potential function is intro-
duced and used to show that LaPlace’s equation gov-
erns these flows. This leads to the amazing realization
that velocity fields are superimposable for ideal flows
as a consequence of the absence of shear forces even
though the underlying Navier-Stokes equations are
nonlinear. The solution of the problem for flow around
a sphere leads to d’Alembert’s paradox. The idea of
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circulation is introduced and the application of ideal
fluid theory to the calculation of lift for flow over vari-
ous bodies (including baseballs, golf balls, and sails) is
discussed.

The next topic is boundary layer theory, for which
Schlichting’s text [5] serves as an invaluable refer-
ence. BLT is an especially rich subject to study in a
graduate course because all of the many approxima-
tions which arise can be shown to follow as obvious
consequences of Prandtl’s observation that viscous
and inertial forces balance near solid boundaries. To
show the utility and validity of the various assump-
tions it is instructive to compare calculations of drag
from solutions to the boundary layer equations with
data to demonstrate that the approximations do in fact
lead to good agreement.

Tests, of which there are usually two in addition
to a final, are designed so that students may be crea-
tive as well as display a basic level of understanding
of the course material. Questions from the most recent
semester included the locomotion of cephalopods, flow
over porous airplane wings, and wave propagation de-
scribed by an Orr-Sommerfeld equation. On each test,
problems which require either integral or differential
balances are interspersed. This requires that students
think about which approach is appropriate. After the
first course, students are expected to ask the correct
questions when confronted with a new problem. They
should know how to examine the essential physics on
an appropriate scale.

HEAT AND MASS TRANSFER

In the spring, the topics switch to heat and mass
transfer. Up to this point the time spent examining
macroscopic problems and emphasizing the physies for
each situation has limited the number of important
analytical methods the students have been exposed to
and which may be necessary for solving difficult de-
tailed problems that arise in their research. In the
second semester the emphasis on physical principles
is retained, but the problems discussed also serve to
introduce the students to advanced mathematical
techniques.

As in the first semester, the second semester be-
gins with the derivation of the transport equations—
this time energy transport—only now the equations
are derived using vector notation. A detailed under-
standing of how the equation of energy works in vec-
tor form is built by asigning problems such as the
derivation of the rate of entropy production. The text
for this material (in addition to the texts used in the
first semester) is Bird, Stewart and Lightfoot [6].

176

Einstein notation is also re-introduced at this point in
the course (as it was not used extensively in the first
semester), leading to a great simplification in the form
of the transport equations.

Following a conventional sequence, steady conduc-
tion in solids is reviewed, first assuming constant
properties and then relaxing this restriction to include
non-constant properties, introducing the student to
regular perturbation methods. A supplemental text
for perturbation methods is Van Dyke [7], which is
further utilized when matched asymptotic expansions
are discussed later in the course. The course now
turns to the effects of convective energy transport,
examining problems such as transpirational cooling
and forced convection through a heated pipe. Rather
than using a cookbook approach to the Graetz prob-
lem, the students are introduced to the formal theory
of a Sturm-Liouville eigenvalue problem. Particular
emphasis is placed on when to expect this type of sol-
ution and how to cast the problem into the Sturm-
Liouville form.

Dimensional analysis is the next topic of discus-
sion. However, here we differ from the usual trans-
port class in that dimensional analysis is introduced in
the context of the large field of similitude. The refer-
ences for this material are the notes from a course on
similitude taught by Van Dyke [8] which are distri-
buted to the class. Over one week is spent introducing
the students to techniques for finding hidden sym-
metry in physical problems, first through the use of
dimensional and inspectional analysis for the reduction
of the number of independent parameters involved in
a problem and then via more advanced techniques,
such as coordinate stretching to achieve reductions in
the number of independent variables upon which a
problem depends. These techniques are illustrated by
examples from both momentum and energy transport,
such as the determination of the radius of a shock
wave produced by an intense point explosion solved
by G. I. Taylor [9], the velocity field of a submerged
laminar jet, and such whimsical examples as the
spread of a viscous thread of liquid flowing down an
inclined plane.

The concept of self-similarity is put to immediate
use in the next topic—that of unsteady conduction in
solids. In addition to the standard semi-infinite and
finite slab problems, a semi-infinite slab with a melt-
ing boundary is also discussed. Students are asked to
explain why such a problem with a step change in
temperature at the edge of the slab admits a similarity
solution, but such a solution for a constant heat flux
does not exist.

The course next turns to boundary layer theory
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for forced convection past a heated, horizontal flat
plate. This problem is solved in the limiting cases of
large and small Prandtl numbers, and then the plate
is turned to the vertical for a discussion of free convec-
tion. For homework, students use the concept of self-
similarity to solve the analogous problem of a free-
convection laminar jet arising from a point source of
energy. A general dimensional analysis of the free and
forced convection transport equations is inserted at
this point so that the students can develop an intuitive
feel for the relative magnitude of the two transport
mechanisms.

The study of free convection is continued by exami-
nation of the instability of a fluid heated from below.
The Rayleigh-Benard stability problem for free-free
boundaries is discussed in detail, the reference for this
discussion being the text on hydrodynamic stability
by Drazin and Reid [10]. The students’ understanding
of the principles of this mathematically complex
phenomenon is reinforced by homework in which the
stability conditions for problems analogous to the
Rayleigh-Benard problem are worked out and also by
assignments on a more cosmic scale in which the stu-
dents solve the Jeans problem for the gravitational
collapse of a galactic sized gas cloud.

At this point in the course we begin our discussion
of singular perturbation theory, drawing heavily on
the text by Van Dyke. First, we examine the classic
problem of creeping flow past a heated sphere at small
Peclet number solved by Taylor and Acrivos [11]. This
problem serves to introduce the concept of a non-uni-
formly valid first approximation, and why a regular
perturbation approach to such problems is doomed to
failure. The students are shown how to overcome
these difficulties via a matched asymptotic expansion
approach which, in this problem, also introduces the
student to special mathematical functions such as
spherical harmonics and Legendre polynomials. Flow
past a sphere is followed up by such problems as flow
through a tube with an axial wire and unsteady con-
duction from an infinite cylinder. The method of re-
flections comes next, in which we emphasize the simi-
larity of this technique to the singular perturbation
methods just discussed and which is used to determine
the energy loss from a heated sphere in the vicinity
of a plane. The analogous problem of a heated cylinder
near a plane, which cannot be solved using perturba-
tion techniques, is also examined and solved using con-
formal mapping, adding yet another technique for ob-
taining solutions of the transport equations to the stu-
dents’ arsenal.

Brief discussions of turbulent and radiative trans-
port mechanisms complete the portion of the course
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dealing with energy transport. Topics discussed here
include Prandtl mixing length theory and transport
correlations in turbulent systems, together with the
concepts of isotropy, black and gray bodies, view fac-
tors, an introduction to configurational algebra and
spectral effects in radiative energy transport.

With three weeks remaining, the course turns to-
wards mass transport. The first two lectures are de-
voted to definitions, the description of mass transport
in terms of Fick’s Law, and derivation of the transport
equations. Simple problems come next, such as the
Stefan tube and diffusion with homogeneous or
heterogeneous chemical reaction (the Thiele problem).
Combined mass, momentum and energy transport in
boundary layers is discussed in which the effect of
mass transport on the evolution of the thermal and
momentum boundary layers is examined. Students
are also exposed to mass transport mechanisms not
usually encountered in undergraduate courses, such
as pressure diffusion, forced diffusion (elec-
trophoresis), and the Soret effect. In a typical problem
at this point, students are asked to analyze a Clusius-
Dickel column (a separations device which relies on
the Soret effect), where they are required to deter-
mine what assumptions are necessary to obtain a sol-
ution.

The last formal topic discussed in the course in-
volves the unsteady one- and two-dimensional diffu-
sion of a trace pollutant, focusing on problems such as
the steady or unsteady discharge from a waste pipe
into a stream. The similarity between pollutant con-
centration distributions resulting from the unsteady
convective diffusion equation and a probability distri-
bution arising from stochastic differential equations is
emphasized. The final two lectures are devoted to re-
search interests: one lecture by a professor whose re-
search is in the area of energy or mass transport, and
one lecture by a student in the class working in the
same area who by this time is getting ready for the
first year comprehensive oral examination. These last
lectures give the students some feel for the utility of
the topics and techniques discussed during the semes-
ter in the solution of current graduate research prob-
lems.

In conclusion, this course sequence is designed to
meet the needs of students from diverse backgrounds
who enter our graduate program. Students are first
introduced to the governing physics without undue
emphasis on mathematical techniques. As their level
of understanding increases and their problem solving
approach becomes better refined, more sophisticated
techniques are introduced. When students have com-
Continued on page 218.
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REVIEW: Injection Molding

Continued from page 173.

plains the methodology of process control. This chap-
ter bears some similarity to Chapter Three, but is
much more thorough and useful.

The last section (Part III) is concerned with data
bases and contains Chapter Twelve. It is one of the
more useful chapters in the book as it describes the
importance to the designer of having data banks avail-
able containing the physical properties in both the
solid and molten phases of each thermoplastic. This
data should be readily available in both the part design
and process simulation phases and must be stored in
the computer system. The chapter contains an over-
view of the development of the present data bases,
including the types of data available in present sys-
tems and future trends.

In summary, there are a number of useful chapters
in the book, but unfortunately the connection between
chapters is not readily apparent. For the inexperi-
enced engineer, it would be difficult to assemble the
appropriate knowledge from this book and then apply
it to process control or mold design. The book would
be more useful if a section on principles of injection
molding, including the fluid mechanics of mold filling
and its connection to the properties of a part, were
included at the beginning of the book. [

TRANSPORT PHENOMENA

Continued from page 177.

pleted these courses they will know what to look for
when they encounter new problems, and they will
have acquired the tools necessary to solve a great
many of them.
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MICROGRAVITY

Continued from page 193.

gineers to develop entirely new processes, to under-
stand current unit operations more thoroughly, or to
adapt earth-based unit operations for the demanding
environment of space.
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