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Sometimes I feel that our department has had 
almost continuous discussions over the last fifteen 
years about the objectives to be sought in teach­
ing graduate courses. A positive effect of these 
discussions has been to encourage experimenta­
tion. 

Among other courses, a two-quarter sequence 
in momentum, energy, and mass transfer has 
evolved over the past seven years. To help you 
understand the approach that I have taken in 
presenting this area to our students, let me first 
discuss my objectives. 

I have difficulty in talking about our graduate 
courses without first saying something about our 
concept of the undergraduate sequence. So let me 
begin there. 

OBJECTIVES OF UNDERGRADUATE SEQUENCE 

With any undergraduate engineering course, 
we have two objectives. We would like to help the 
student both understand the ideas underlying the 
subject and achieve some facility with the most 
useful approaches to analyzing practical problems. 

When teaching our undergraduate sequence 
in momentum, energy, and mass transfer, I begin 
with fundamentals. These are the mass, moment­
um, and moment-of-momentum balances, if we 
are discussing fluid mechanics. But I do not spend 
much time in solving the corresponding differen­
tial equation of continuity or the differential equa­
tion of motion. A greater variety of experimen­
tally motivated problems is open to analysis by 
undergraduate students in a relatively short peri­
od of time, if the emphasis is placed upon the 
integral (macroscopic, system, or control-volume) 
balances. 

There is at least one difficulty with placing 
this much emphasis on the integral balances in 
the undergraduate courses. Assumptions are re­
quired that must be justified by experience, by 
one's intuitive feel for a physical situation, or by 
available experimental data. The students need 
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assistance here. I help them gain some experience 
by discussing the qualitative aspects of real flows 
and by having them perform as many experi­
ments as possible within our time limitations. 

OBJECTIVES OF GRADUATE SEQUENCE 

Our objectives are much the same in the be­
ginning graduate sequence, but the emphasis is 
different. I stress the fundamentals feeling that, 
the more precisely a person understands the 
approximations which he is making in analyzing 
a given situation, the more likely it is that he 
will be able to make a correct judgment about 
their applicability. 

This beginning sequence is recommended both 
for those who are seeking a terminal M.S. degree 
as well as for those who are considering a Ph.D. 
Our department encourages students to develop 
a broad and versatile background during their 
year of M.S. study. In designing this sequence, I 
have tried to keep in mind that it should form a 
firm foundation upon which the graduate can 
build his "engineering experience" after he leaves 
school. 

This does not imply that a terminal M.S. candi­
date should have the same course background as a 
Ph.D. man. To supplement his initial sequence, 
we regularly off er courses that cover limited as­
pects of the area in greater depth : Applied Trans­
port Processes (applications of fundamentals in 
the design of commercial equipment and pro­
cesses), Electrochemical Engineering, Heat 
Transfer, Physiological Transport Processes, 
Rheology. 

ROLE OF MATHEMATICS 

An instructor must quickly decide what role 
vector and tensor analysis will play in his lectures. 

Courses in applied mathematics are important. 
But no matter whether they are taught in mathe­
matics departments or engineering departments, 
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physical problems are introduced merely to illus­
trate the mathematics. 

In teaching a course in momentum, energy, 
and mass transfer, physical problems are our 
primary concern. Mathematics is used to illumi­
nate the physical ideas. It is a tool or language 
rather than the objective. 

Tensor analysis is the language in terms of 
which mass, momentum, and energy transfer can 
be presented in the simplest and most physically 
meaningful fashion. This does not mean that every 
student should be capable of transforming the 
equation of motion from one curvilinear coordi­
nate system to another. That capability will be 
important for Ph.D. students who are going to 
specialize in this area. Everyone else will find 
that their needs are almost always filled by tabula­
tions of the various differential equations in 
cylindrical and spherical coordinates. 

Rather, it is most important for a student to 
learn to think about physical problems in terms 
of vectors and tensors. I would like a student to 
think of a velocity vector as a directed line seg­
ment or arrow. A second-order tensor is a trans­
formation of one vector into another. He should 
visualize the stress tensor as transforming the 
unit normal to a surface into the stress vector 
acting upon the surface. 

Because tensor analysis is the language, I be­
gin my lectures by introducing it. But I do not 
recommend that all the details of tensor analysis 
be explained at the beginning. I have found that 
it is easier to retain the class interest, if no more 
than one or two days are spent in reviewing vector 
analysis before we begin kinematics. Thereafter, 
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explaining the mathematical notation becomes an 
inseparable part of my discussions of the transfer 
processes. For example, I make no attempt to 
introduce the concept of a second-order tensor 
before it becomes necessary in the derivation of 
the equation of motion. 

I want the student to realize that mathematics 
can be used to clarify engineering problems 
rather than to obscure them. 

APPROXIMATIONS 

The objection is sometimes raised that it is 
really useless to spend much time in developing 
analytic solutions to problems in momentum, 
energy, and mass transfer, since the situations 
that can be handled in this manner are trivial. 
This is obviously an exaggeration, but there is a 
point to be made: Most interesting problems 
either require numerical solutions or are suscep­
tible only to approximate solution. 

My feeling is that the best way to introduce 
this material is through the use of problems that 
can be solved analytically. These problems are 
required preparation for those who wish to study 
more sophisticated problems numerically. It seems 
unreasonable to attack an involved problem if the 
straightforward ones are still giving you trouble. 
As a further practical matter, analytic solutions 
for limiting cases are highly desirable in order to 
check the validity of whatever numerical work 
is performed. 

It is also true that most interesting problems 
are susceptible only to approximate solutions. 
There are at least four classes of approximations 
that should be recognized by a student. 

1. Idealization of the physical problem. Some­
times the physical problem in which we are pri­
marily interested is too difficult for us to handle. 
One answer is to replace it by one that has most 
of the important features of the original situation, 
but that is sufficiently simple for us to analyze. 
A good example is provided by flow through a 
tube. An experimentalist is always concerned 
with flow through finite tubes, but sometimes the 
entrance and exit regions are of lesser importance 
to him. In this case, we can replace the real prob­
lem by an idealized one in which entrance and 
exit effects are negligible: flow through a tube 
of infinite length. 

2. Simplifying the differential equation. Even 
after such an idealization, the resulting mathe­
matical problem may be too difficult to solve. We 
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may wish to consider a limited case in which one 
or more terms in a differential equation are neg­
lected. I place special emphasis upon the way in 
which one should argue to arrive at such an 
approximation. The classic examples of such argu­
ments are provided in the context of fluid mech­
anics: creeping flow (for small Reynolds 
numbers), potential flow (for large Reynolds 
numbers outside the immediate neighborhood of 
phase interface) , and boundary-layer theory (for 
large Reynolds numbers in the immediate neigh­
borhood of a phase interface). 

3. Integral averages. Many times our require­
ments do not demand detailed solutions of the 
differential balances. Perhaps we are interested 
only in some type of integral average. There are 
four types of averages that have been found use­
ful in the literature. The traditional approach to 
turbulence is in terms of time-averaged variables. 

I want the student to realize that 
mathematics can be used to clarify 
engineering problems rather than obscure them. 

Area averages are useful in justifying one-di­
mensional descriptions of flows. I use the concept 
of local volume averages in discussing momentum, 
energy, and mass transfer in porous media. 
Finally, there are the integral balances that are 
nothing more than averages over arbitrarily de­
fined systems. 

4. Mathematical approximations. This is really 
the problem with which one is primarily con­
cerned in carrying out numerical solutions. A 
mathematical approximation is applied repeatedly 
in order to arrive at a solution for a differential 
equation or the value of an integral. 

BOOK 

I have recently published a book ( "Momentum, 
Energy, and Mass Transfer in Continua," Mc­
Graw-Hill, 1972) that is based upon the lectures 
I have given in our beginning graduate sequence 
over the past seven years. It should give you a 
better indication than any course outline as to how 
I have implemented these ideas. 

The appendix on tensor analysis has been 
written with three types of people in mind. Only 
some of the sections are marked as required read­
ing for the many first-year students who are 
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TABLE 1 

Momentum Energy Transfer 
Transfer Transfer Mass 

Fundamentals Ch. 2 Ch. 5 Ch. 8 
Solution of differential 

balances 3 6 9 
Integral averaging 

techniques 4 7 10 

anxious to consider applications as quickly as 
possible. Other sections are suggested for those 
students who are more curious about the founda­
tions of continuum mechanics. The complete ap­
pendix is recommended for those who wish to do 
serious research in any of the subareas of mo­
mentum, energy, and mass transfer. 

Following an introductory chapter on kine­
matics, Table 1 indicates how I have devoted three 
chapters to momentum transfer, three to energy 
transfer and three to mass transfer. For each 
transfer process, there is one chapter ( Chs. 2, 5, 
and 8) concerned with the fundamental postulates 
and descriptions of material behavior. A second 
chapter ( Chs. 3, 6, and 9) is devoted to solutions 
of the differential balances. Considerable emphasis 
is placed upon the limiting cases that correspond 
to large or small values of particular dimension­
less groups. Finally, there is a third chapter (Chs. 
4, 7, and 10) concerned with the integral averag­
ing techniques. It is here that I consider turbul­
ence, flow in porous media, and the various 
integral balances. I make a particular effort in 
these sections to discuss the preparation of the 
empirical data correlations that often must be 
introduced when integral averages are used. 

While I hope this book will be useful to others, 
I r ecognize that many instructors feel a textbook 
is inappropriate for a graduate course. In a sense, 
I agree with them. An instructor should never 
feel obligated to follow a book with a graduate 
course. He should experiment with the new ap­
proaches and the new ideas developing in the 
literature. Chemical engineering has never been 
a static field and there is every reason to believe 
that even greater changes are in store for us. 

THE CHOICE 

Students and faculty interested in either tak­
(Continued on page 197) 
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A system can be envisaged to consist of 
five major components: a process, 
inputs and outputs of the process, 
feedback and evaluation. 

ed by another test program and so on). Undoubt­
edly, the completion of any one sub-process will 
indicate to a certain extent the subsequent sub­
process. 

The inputs to this process include the stu­
dent's skills and attitudes, the availability of 
computational facilities for data reduction, curve­
fitting etc., and other equipment and facilities 
(e.g., chemistry laboratory, darkroom, mainten-
ance equipment etc.). • 

As with all other processes there will be an 
evaluation stage. During this time the experi­
mental data is compared with existing data and 
with the predictions of the theoretical analysis. 
Modifications to the experimental test program 
can thence result. Similarly the theoretical data 
is evaluated in terms of required accuracy, 
range of variables considered and is compared 
with the experimental observations. The evalua­
tion here could lead to a modification of the ana­
lytical techniques and a relaxation or tightening­
up of certain approximations. 

Eventually, after perhaps several trips 
around the feedback loops, there will be compiled 
a complete set of research results that satisfied 
the problem initially formulated in Phase I. This 
is however, not the end of the graduate student's 
activities. The information collected in Phase IV 
is of little value until it is transmitted to others. 
This is normally accomplished by the writing of 
a report or thesis. 

PHASE V COMPLETION 

Of all the graduate student's activities, this 
one tends to be the most tedious. The excitement 
of discovery is over. There remain the rather 
mundane tasks of preparing assorted graphs, 
tables and drawings and in the seemingly end­
less writing and rewriting of text. 

Throughout its production, the thesis will be 
constantly evaluated in terms of its accuracy, 
clarity, and completeness. After a period of time 
(usually much longer than anticipated), the 
thesis will be completed to the satisfaction of the 
student and his advisor. It will, at that time, 
usually be subjected to the further scrutiny of 
other readers and quite possibly further changes 
could result. In addition an oral defense of the 
thesis will normally take place. 
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The thesis, the output of Phase V, is in fact 
the physical satisfaction of the need first consid­
ered in Phase I. 

CONCLUSIONS 

In an attempt to make graduate students 
aware of the various aspects of a graduate re­
search program and to enable such students to 
cope with them in an efficient manner, a formal 
systematic procedure for graduate research has 
been suggested. This plan is felt to be applicable 
to most situations. Deviations from it can be 
conceived; however, they would in general be a 
reflection of an individual's inability to adhere 
to a formal logical systematic plan for research. 
It is the writer's contention that, like the design 
process itself, a methodology for research does 
exist and that the scheme described herein repre­
sents a useful and valid approach to this prob­
lem. • 

SLATTERY (Continued from page 176) 

ing or developing courses in momentum, energy, 
and mass transfer, are faced with unchanging 
alternatives: survey or in-depth study? I will 
agree with you if you maintain that every course 
is a survey. But I will also insist that we do have 
more of a choice here than is commonly apparent 
in most areas. 

Years ago, there was not much of a decision 
to be made. It was essential that a student have 
an in-depth understanding of piping design, heat 
exchanger design, and ( distillation, extraction, 
absorption) column design, since nearly all of our 
students went into either petroleum refineries or 
the large-scale production of chemical intermedi­
ates. While these are still very useful skills to 
have at one's command, they are not sufficient 
for the wide variety of industries that are becom­
ing possibilities for employment. 

The beginning graduate sequence that I have 
been discussing here is a survey of momentum, 
energy, and mass transfer. By no means can you 
tell a student everything that is important to 
know in two or three quarters. My aim in teaching 
these courses is to fill in some of the more glaring 
holes that are of necessity left by a typical under­
graduate sequence and to give a student a good 
foundation upon which to grow, no matter 
whether he is thinking in terms of a terminal 
M.S. or Ph.D. degree. • 
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