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a fluid bed dryer to see whether a byproduct from 
the plant's production process could be used to fu el 
thi s ve ssel ... worked w ith prod uction. maintenance 
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cal Group headquarters . .. responsibilities include 
working on economic analyses of pl ant expansion to 
ensure that they are consistent wi th the Division's 
long-range plan ; also co nducts feasibility studi es on 
th e effect of propo sed marketin g changes on pl ant 
production equipment ... says, "What really im
presses me about FM C is the fact th at a person is 
judged both on technical co mpetence and on ab ility 
to work with others." 

Mary Ann Pizzolato 

B.S.Ch.E. from Rutg ers University in 1976 . .. joined 
lndu~trial Chemical Group's Carteret plant as a pro· 
cess engineer ... worked as engineer for th e acid 
plant- did troubl eshooting, process review and 
some pilot and new project work ... promoted to 
assistant area supervisor in pro ducti on department 
.. works directly wi th area supervisor to ensure 

high quali ty and maximum produ ction levels ... likes 
having the opportuni ty to ga in experience working 

.. '!ll ith management and hourly workers ... beli eves 
'. that "wi th the pressure to get production out as 

scheduled. you have to learn to work wel l with these 
groups- it's the be st kind of on-the-job-training ." 

Chemical 
Engineering 
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As one of the nation 's largest producers of chemicals , 
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tant contribution to the company's profits and growth. 
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production management. 
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match your interests , a career with FMC might prove to 
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For more information , see ou r representative on cam
pus '1r your Placement Director. Or, write to: Manager, 
Training & Development, FMC Corporation , Industrial 
Chemical Group, 2000 Market Street, Philadelphia, Pa. 
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A Letter to Chemical Engineering Seniors 

This is the tenth Graduate Issue to be published by CEE 
and distributed to chemical engineering seniors interested 
in and qualified for graduate school. As in our previous 
issues we include articles on graduate courses that are 
taught at various universities and ads of departments on 
their graduate programs. In order for you to obtain a 
broad idea of the nature of graduate course work, we 
encourage you to read not only the articles in this issue, 
but also those in previous issues. A list of these follows. If 
you would like a copy of a previous Fall issue, please write 
CEE. 
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HORSES OF OTHER COLORS
SOME NOTES ON SEMINARS 
IN A CHEMICAL ENGINEERING DEPARTMENT 

RUTHERFORD ARIS 
University of Minnesota 
Minneapolis, Minnesota 55455 

ONE OF THE STAPLES of the graduate cur
riculum in a ChE department is undoubtedly 

the ChE seminars that the students would attend 
during their graduate career. Their range and 
quality as an index of the quality of the depart
ment and their value, both to faculty and students, 
is unparalleled. Though the stringent budgets of 
recent years have often forced departments to cut 
back on the number of outside speakers they can 
afford to bring in, most departments make every 
effort to introduce as many and varied speakers as 
possible. Nor are the resources of industry to be 
overlooked, for often an industrial speaker can, 
with a good talk, give the students a much better 
idea of the uses to which their ChE training will 
be put than is possible under the pressures of 
classroom curriculum. But there is also a case for 
the student hearing an occasional seminar on 
something even more interesting than ChE. This 
can be accomplished by asking a speaker from 
another department of one's own university or, on 
occasion, by getting an outside speaker. There is 
also the possibility of devoting the seminars of a 
whole quarter or semester to subjects other than 
ChE itself an-d this we have tried about every third 
year at Minnesota. Arvind Varma has recently or
ganized such a series at Notre Dame and the 
Editor thought that the idea might be worth gen
eral mention. 

RANDOM LECTURE TOPICS 

THE FIRST SUCH SERIES that we tried at 
Minnesota was, like many other good things 

here, started with the blessing and encouragement 
of Neal Amundson. It was held during the Winter 
Quarter of 1964 under the general title of "A 
Broader View of Research at the University." This 
series was deliberately discursive though it started 
with a hop, step and jump from classical times 
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into current research topics. It had the incompar
able advantage of being launched by the late Mr. 
Douglas Cuthbert Coloquon Young, the Reader 
in Greek at St. Andrews University, who was 
spending a sabbatical at Minnesota. A redoubtable 
scholar of immense height and doughty mien, he 
was quite liable to wear the kilt to a seminar, 
though he did not, unfortunately, for his talk to 
us on "How the Greeks Started in Science and 
Why They Stopped." Commenting that one of the 
earliest works of Greek Science was Hesiod's 
"Works and Days," a work in verse, he remarked 
that "It would be a hardship for a modern sci
entist to have to present his Ph.D. thesis in verse. 
But such compulsory academic verse might not 
sound much worse than most modern scientific 
prose, nor indeed worse than much modern poetic 
verse." The second talk was on medieval scholas
ticism and the third, on modern philosophy of sci
ence, was given by Herbert Feig!, one of the last 
surviving representatives of the Vienna circle. 
From this three-stage launching the series became 
quite discursive, ranging from archaeology and 
physiology to mathematics and economics. The 
Vikings as poets were discussed by one speaker 
and the structure of theoretical physics by an
other. 

In the Fall of '66 we had another series of 
random topics under the title of "The Scope of 
Scholarship." These ranged from ocean engineer
ing and architectural design to the preservation 
of organs and the plays of August Strindberg. 

Skip Scriven suggested a series on 
"Aspects of Technological Development and 

Social Change." . ... thanks to Scriven's vision we 
were also able to bring in people from outside. These 

included a director of a multinational 
corporation, an international economics 

consultant and a State Department 
man from Washington ... 

CHEMICAL ENGINEERING EDUCATION 



After a few years in chemical industry and a brief spell teaching 
mathematics at the University of Edinburgh, Aris came to the University 
of Minnesota in 1958 and has been in its Department of ChE ever since. 
He particularly appreciates the lively intellectual atmosphere of the de

partment and the excellent quality of students that it serves and has 

endeavored to make some contribution to its good repute. His research 

has centered on the mathematical models of chemical engineering, par

ticularly those of chemical reactors. He is currently Regents' Professor 

of ChE at the University of Minnesota . 

Two would have needed audiovisual aids for a 
proper record. One on the enthnomusicology of 
Ecuador was enlivened by some excellent record
ings, while another on the history and technique 
of stage movement was dramatically illustrated by 
the gambollings of the speaker. Walter Heller had 
recently returned from his service in Washington 
and was kind enough to speak on the "New Eco
nomics." 

Under the rubric of "Varieties of Academic 
Experience" another series was launched in the 
Winter of 1970. This again was a series of diverse 
and disconnected topics ranging, this time, from 
ecology and cellular engineering to symmetry and 
the psychology of speech perception. We again had 
some classical archaeology from our Regents' Pro
fessor of that predilection, William McDonald. He 
had introduced the subject in 1964 and it was to 
his kind interest that we had been indebted for the 
suggestion of several speakers. We even had a 
Vice-President for administration speak on the 
perils, promise and perplexities of program plan
ning budgets. 

This illustrates one kind of seminar series that 
can be tried, namely the random or desultory. The 
essential thing is to find out who are the most 
likely and interesting speakers on campus and to 
give them their head as to the choice of topic. It 
need hardly be added that this criterion must be 
guarded with a sense for true scholarship, for 
there are on many campuses a number of quite 
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lively, but perhaps more superficial, individuals 
who from time to time surface with a great splash. 
These will be heard in any case by those who wish 
to and it is no service to the student to provide a 
forum for anything less than that which can pass 
the most exacting scholarly standards. 

GENERAL THEME TOPICS 

THE OTHER FORM OF seminar series is that 
which embroiders the talks around a general 

theme. Thus one quarter we had a series called 
"Research in the Industrial Context" in which we 
deliberately tried to give the graduate students a 
sense for the different conditions under which 
many of them would operate in their research 
once they found a job in the chemical industry. 
Here we were fortunate in being able to attract 
some of the top people of the profession such as 
Tom Baron of Shell and Vern Weekman from 
Mobil, but we were less fortunate in being able to 
get manuscripts from them and so make a perma
nent record of the series. Perhaps this was as well, 
for the impact on the current student body was the 
main intention and our industrial visitors were 

"It would be a hardship for a 
modern scientist to have to present his 

Ph.D. thesis in verse. But such compulsory academic 
verse might not sound much worse than most modern 

scientific prose, nor indeed worse than 
much modern verse. 

able to speak more freely and refer to more cur
rent topics when they were neither recorded nor 
asked to provide a full script. 

In the Spring Quarter of 197 4, Skip Scriven 
suggested a series on "Aspects of Technological 
Development and Social Change." This was even 
more thematic than anything we had attempted 
before, yet we wanted to be sure it would not be 
without its leaven of humanities. Our local expert 
on ethnomusicology [ among other things, for he is 
a musicologist of vast range] Johannes Riedel 
came again to talk about music and social change 
and an anthropologist discussed the interaction of 
growth and no-growth cultures. One of our leading 
political scientists discussed the differences and 
similarities in economic development in England 
and France at the time of the Industrial Revolu
tion and between China and Japan in more recent 
history. A geographer spoke of the changing 
metropolitan patterns of America while a visiting 
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professor discussed the interaction on aesthetics 
and politics in recent Latin American literature. 
But thanks to Scriven's vision we were also able 
to bring in people from outside. These included a 
director of a multinational corporation, an inter
national economics consultant and a State Depart
ment man from Washington as well as Dr. 
Jayaragan Chanmugam, a chemical engineer, 
whose paper with George Box graces the first page 
of I&EC Fundamentals and who now works with 
the World Bank. 

Last fall we again had a thematic series, 
though the theme was very lightly-even meta
phorically-treated at times. The current interest 
in catastrophe theory seemed to be a good starting 
point and indeed we were launched with a splendid 
description of the elements of the mathematical 
theory by Larry Markus of our Mathematics De
partment. He was followed by Professor Holt, who 
had three years before told us about the politics of 
economic change and who now discussed his anal
ysis of the beginnings of World Wars I and II in 
the light of the categories of catastrophe theory. 

There is also the possibility 
of devoting the seminars of a whole quarter 
of semester to subjects other than ChE itself and this 
we have tried to do about every third 
year at Minnesota. 

Apart from a final "wayside dandelion without the 
gate" which made some reference to catastrophe 
theory in the context of chemical reactors, there 
was little in the rest of the series which had any
thing to do with catastrophe theory as such. In
stead the term was used in a variety of meanings 
and this freedom allowed us to invite an archaeo
logical geologist to talk about Atlantis and an art 
historian to show how the eruption of Vesuvius in 
1631 helped date some of Carracciolo's later 
frescoes. A classicist described the influence of the 
plague in Athens in 430 B.C. on the thought of 
Thucydides, while a psychologist talked of crisis 
intervention psychology. The Director of our 
Limnological Research Center raised the question 
of whether a catastrophe was necessarily a catas
trophe by showing that forest fires had a definite 
value to the forest community in the longer per
spective of the ecological cycle. The use of the 
term catastrophe was even more metaphorically 
used in a discussion of the rise of mounted shock 
combat as one of the chief instruments of fuedal-

ism. Here the title "The Feudal Catastrophe" 
really referred to the commonly received opinion 
of our day that feudalism as such was a disaster. 
Very thought-provoking were the remarks of a 
Germanic philologist who suggested that in primi
tive societies nothing short of a catastrophe broke 
the chain of cyclical thinking and allowed man to 
recognize the essential difference between past and 
future. This linked catastrophe with the origin of 
history as a science. 

SELECTION PROCEDURES 

AS WAS MENTIONED above the great es-
sential for all these enterprises is the choice 

of the liveliest and most vigorous of scholars, and 
the advantage of a major university is that there 
should be a sufficient number of these around. The 
other essential is that some one, or perhaps two, 
members of the ChE faculty should take it up as a 
positive commitment. They will certainly benefit 
from the suggestions of their colleagues, but it is 
fatal to try and get a series like this run by a com
mittee. Since there is generally a very small budget 
for these things it is usually necessary to depend 
on colleagues within one's own university to whom 
one is not allowed to pay an honorarium and for 
whom no expenses are required. Obviously where 
there is money the series can be greatly enhanced 
by invitations to people from farther afield. It is 
generally well to line up the speakers at least nine 
months in advance. They are usually eminently 
pregnable when they think they can carry to full 
term, forgetting, as is so often the case, that the 
going may be more than a little laborious when 
their hour has come. Beyond the usual administra
tive reminders and provision of audiovisual equip
ment, the occasion of the seminar often gives an 
opportunity to get the faculty together for a lunch 
with the speaker beforehand. 

If the speakers are not being offered an 
honorarium it is a little unfair to demand a manu
script, though there are always some who like to 
write out their talks. Thus, if a record of the 
seminars is thought desirable, one must be pre-

.... we had another 
series of random topics under 

the title of "The Scope of Scholarship." 
These ranged from ocean engineering and 

architectural design to the preservation of organs 
and the plays of August Strindberg. 
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The second talk was on medieval scholasticism and 
the third, on modern philosophy of science, was given by Herbert Feigl, 
one of the last surviving representatives of the Vienna circle. From this three-stage launching 
the series became quite discursive, ranging from archaeology and physiology to 
mathematics and economics. The Vikings as poets were discussed by one 
speaker and the structure of theoretical physics by another. 

pared to tape the lecture and transcribe from the 
tape. It is incredible how incoherent in transcript 
a perfectly good, or even really exciting, talk can 
be. It is absolutely fatal to show the raw transcript 
to the speaker. He or she will throw up their hands 
in horror and that is the last you will see of it. 
Therefore an intermediate stage of editing by the 
organizer of the seminars, or colleagues, is ab
solutely essential. Indeed it is this, and the prepa
ration of suitable introductions for the speakers, 
that constitutes the major part of the labor of such 
a series. The burden of it is enormously lightened 
if one is blessed, as we have been at Minnesota, 
with highly intelligent secretaries. Marsha Riebe, 
Laura Muellenbach and others here have been able 
to produce transcripts that only take three or four 
hours to edit. Without such intelligent transcrip
tion it can take six or eight hours to turn into 
grammatical and continuous form the eloquent 
talk that one so much enjoyed when it was being 
given. There is an occasional speaker who tran
scribes into connected prose, such as the late Jacob 
Bronowski, but these are the exception rather than 
the rule and the labor of editing from transcript 
should not be underestimated in planning to make 
a record of such a seminar series. The edited tran
script should then be typed up for the speaker to 
go over and the organizer's work then consists in 
hounding his speakers until the manuscripts are 
returned. There is of course no need to make a 
permanent record of such seminar series but we 
have found it a great pleasure to do so when funds 
permitted. 

The publications have more value, too, than as 
a mere record and recollection of a series of enjoy
able talks for they may be sent out with offer let
ters to prospective graduate students. Here they 
serve as a certain touchstone. If a student is put 
off by them, their irrelevance to ChE and lack of 
solemnity, then we are only too thankful-such a 
person would hardly take to the atmosphere of a 
good graduate school. On the other hand, if it tips 
the balance of the decision in the favor of Minne
sota as a graduate school we are appropriately 
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grateful. Of one aspect there has never been any 
question: their popularity with the graduate stu
dents is immense. It is not just a relief from the 
strenuousness of ChE, but is a definite challenge 
and opening of windows on wider perspectives. To 
the faculty they also offer an opportunity for 
wider contact within the university and have been 
enthusiastically welcomed whenever we have been 
able to arrange them. • 

C!JN#I letters 

RANKING OF DEPARTMENTS 

Dear Sir: 
In the spring issue of C.E.E. you have published an 

article by Professor Griskey that dealt with ratings of 
Chemical Engineering Departments. I will not deal here 
with the particulars of the article since several members 
of the profession have done so in statements accompanying 
it. The article, however, points unwittingly to two major 
aspects of the current state of chemical engineering educa
tion. 

Indiscriminate comparisons of Chemical Engineering 
Departments without regard to their emphasis and direc
tion is ludicrous. Today there are departments which re
semble applied mathematics; other departments act as 
industrial appendices. Then we have those places which 
emphasize bioengineering, physical chemistry, theoretical 
chemistry, etc., etc. To rate all these together is like com
paring "apples and oranges." 

The second point of this letter derives directly from the 
above notion. It is high time, I believe, to reexamine the 
direction of the profession as an academic discipline. 
Crouched somewhere between tenure, publications, and 
personal prestige, we certainly need to rediscover relevance 
in both teaching and research. 

Some of Griskey's "top rated" institutions seem to for
get that we are an applied discipline; that not all gradu
ates intend to pursue academic careers; that there is such 
a thing as undergraduate education. (Over 80% of the stu
dents terminate their academic careers at the B.S. level). 
Perhaps the accreditation of certain institutions which call 
themselves Chemical Engineering Departments need to be 
reexamined and reevaluated. 

Michael Economides 
Graduate Student 
Stanford University 

151 



CHEMICAL REACTOR ENGINEERING* 

JOHN B. BUTT 
Northwestern University 
Evanston, IL 60201 

E. E. PETERSEN 
University of California 
Berkeley, CA 94720 

THE DEVELOPMENT OF chemical reaction 
engineering as an identifiable area within 

chemical engineering has led to renewed interest 
and emphasis on courses dealing with chemical 
reaction kinetics and chemical reactor design. The 
basic issues concerning instruction in these areas 
are probably not much different from those in
volved in any other area of chemical engineering 
insofar as fundamentals vs. appllcations, extent of 
coverage, and similar factors. There is, however, 
a chemical factor involved in this area that may 
not appear quite so prominently in other endeav
ors, and instruction at the undergraduate level 
particularly may be sensitive to the contents of 
current offerings in chemistry courses. 

Certainly there is no lack of literature on all 
aspects of the topic. In Table 1 is given an exten
sive (but by no means comprehensive) list of ref
erences dealing with chemical kinetics, engineer
ing aspects of kinetics and reactor design, experi
mental methods, catalysis, and several specialized 
topics. Most of us are possibly familiar with the 
offerings listed under engineering aspects, and a 
quick glance at this tabulation might induce one to 
think there is an enormous variation in what indi
viduals conceive to be useful components of an 
undergraduate course. It is interesting to see if 
this is really so. Let us do this by comparing the 
table of contents of three typical offerings from 
the list, as shown in Table 2. Two of the books, by 
Smith and Levenspiel, were chosen because they 
are perhaps the most widely used undergraduate 
texts. The third book, by Carberry, is a very recent 
addition to the kinetic literature. In each case the 
author has chosen to treat a number of funda-

* ASEE Summer School for ChE Faculty, Snowmass 
Resort; Colorado, August, 1977. 
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mental topics, with more specialized applications 
in later chapters. Descriptive kinetics and data 
interpretation are, logically, accorded first place 
on each list, followed by introductory material on 
reactor design and analysis. The latter is largely 
limited to ideal reactor models; the effect of tem
perature is treated somewhat differently in an 
organizational manner by the three authors, but 
the level and extent of coverage is quite similar. 
Concepts of selectivity as well as rate and conver
sion are presented early in each case and main
tained as an important factor in kinetics and re
actor analysis throughout. Following this intro
ductory material, each author then turns to prob
lems associated with deviations from ideal reactor 
performance. Here somewhat more variation is 
apparent in organization and presentation but, 
again, the net coverage and information is quite 
similar. 

The point is that, in terms of information 
which might form the core content of a typical 

John B. Butt is presently a Professor of ChE at Northwester Uni

versity. He received his S.C. and B.S. from Clemson University and his 
M.Eng. and D. Eng. from Yale University. He has had industrial ex
perience with Humble Oil , Chevron Research and Exxon Research 
Laboratories, and is presently a consu It ant for Argonne National Lab

oratory and Illinois Inst. of Tech. Research. He was the recipient of 

the AIChE Allan P. Colburn Award in 1968 and the AIChE Professional 

Progress Award in 1978. (L) 

Gene Petersen did his undergraduate and masters work at the Uni

versity of Washington and obtained his Ph.D. in Fuel Science at Penn
sylvania State University in 1953. He joined the faculty at the University 
of California at Berkeley where he pursues research and teaches 
kinetics,' catalysis and reaction engineering. (R) 

CHEMICAL ENGINEERING EDUCATION 



TABLE 1. 
Selected References in Chemical Kinetics, 

Catalysis and Reactor Design 

Basic Material For Review: 
E. L. King, "How Chemical Reactions Occur", Benjamin, 

1964 (Paperback). 
F. Daniels and R. A. Alberty, "Physical Chemistry", 

Wiley. 
Latham, J. L., "Elementary Reaction Kinetics", 2nd 

ed., Butterworths (1969). 

Introductory Texts Emphasizing Chemical Aspects Of Sub
ject: 

A. A. Frost and R. G. Pearson, "Kinetics and Mechan-
ism", 2nd ed., Wiley, 1969. · 

K. J. Laidler, "Chemical Kinetics", 2nd ed., McGraw
Hill, 1965. 

K. J. Laidler, "Reaction Kinetics", Volumes I and II, 
Permagon Press, 1963 (Paperback). 

C. N. Hinshelwood, "Kinetics of Chemical Change", 
Clarendon Press, 1940 (Somewhat out of date, but 
contains a good qualitative discussion of basics). 

M. Boudart, "Kinetics of Chemical Processes", Prentice
Hall, 1968. 

I. Amdur and G. G. Hammes, "Chemical Kinetics", Mc
Graw-Hill, 1966. 

More Advanced Treatments: 
H. S. Johnston, "Gas Phase Reactions", Prentice-Hall. 
N. Semenov, "Some Problems in Chemical Kinetics and 

Reactivity", Vol. I and II, trans. by M. Boudart, 
Princeton Univ. Press, 1958, 1959. 

S. W. Benson, "Foundations of Chemical Kinetics", Mc
Graw-Hill, 1960. 

V. N. Kondratiev, "Kinetics of Chemical Gas Reactions", 
1958, trans. from the Russian, Permagon Press, 1964. 

S. Glasstone, K. J. Laidler and H. Eyring, "The Theory 
of Rate Processes", McGraw-Hill, 1941. 

Texts Emphasizing Engineering Aspects of Kinetics and 
Reactor Design: 

0. Levenspiel, "Chemical Reaction Engineering", 2nd 
ed., Wiley, 1972. 

J.M. Smith, "Chemical Engineering Kinetics", McGraw
Hill, 2nd ed., 1970. 

S. M. W alas, "Reaction Kinetics for Chemical Engi
neers", McGraw-Hill, 1959. 

O. A. Hougen and K. M. Watson, "Chemical Process 
Principles", Vol. III, Wiley, 1947. 

R. Aris, "Introduction to the Analysis of Chemical Re
actors", Prentice-Hall, 1965. 

K. G. Denbigh, "Chemical Reactor Theory", Cambridge 
Univ. Press, 1966. 

H. Kramers and K. R. Westerterp, "Elements of Chem
ical Reactor Design and Operation", Academic Press, 
1963. 

D. A. Frank-Kamenetskii, "Diffusion and Heat Ex
change in Chemical Kinetics", Trans. Ed. John P. 
Appleton, 2nd ed., Plenum Press, 1969. 

G. R. Gavalas, "Nonlinear Differential Equations of 
Chemical Reacting Systems", Springer-Verlag, 1968. 

J. J. Carberry, "Chemical and Catalytic Reaction Engi
neering", McGraw-Hill, 1976. 
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L. C. Lee and W. J. Thomas, "Chemical Engineering", 
Vol. III, edited by J. F. Richardson and D. G. Pea
cock, Chapters 1 and 2, Permagon, 1971. 

C. G. Hill, Jr., "Chemical Engineering Kinetics and Re
actor Design", Wiley, 1977. 

Experimental Techniques: 
H. W. Melville and B. G. Gowenlock, "Experimental 

Methods in Gas Reactions", Macmillan, 1964. 
S. L. Friess and A. Weissberger (Editors) , "Investiga

tions of Rates and Mechanisms of Reactions", Vol
umes I and II (Volume 8, parts 1 and 2, of "Tech
nique of Organic Chemistry"), Interscience, 1953 
and 1963. 

R. B. Anderson, "Experimental Methods in Catalytic 
Research", Academic Press, 1968. Volumes I, II, and 
III. 

Heterogeneous Catalysis: 
J. M. Thomas and W. J. Thomas, "Introduction to the 

Principles of Heterogeneous Catalysis", Academic 
Press, 1967. 

E. E. Petersen, "Chemical Reaction Analysis", Prentice
Hall, 1965. 

P. G. Ashmore, "Catalysis and Inhibition of Chemical 
Reactions", Butterworths, 1963. 

J. R. Anderson, "Structure of Metallic Catalysts", Aca
demic Press, 1975. 

R. Aris, "The Mathematical Theory of Diffusion and 
Reaction in Permeable Catalysts", Volumes I and II, 
Oxford, 1975. 

C. N. Satterfield, "Mass· Transfer in Heterogeneous 
Catalysis", MIT Press, 1970. 

G. C. Bond, "Heterogeneous Catalysis", Clarendon 
Press, 1974. 

G. C. Szabo (Editor), "Contact Catalysis", Elsevier, 
1976, Volumes I and II. 

Special Topics: 
J. Szekely, J. W. Evans and H. Y. Sohn, "Gas Solid 

Reactions", Academic Press, 1976. 
D. Kunii and 0. Levenspiel, "Fluidization Engineer

ing", Wiley, 1969. 
D. F. Othmer, "Fluidization", Reinhold, 1956. 

undergraduate course, there is considerable agree
ment on content and even order of presentation. 
This is not to say that these texts, or others, are 
all the same, for in the latter stages of each there 
appears considerable variation in content and or
ganization, indicative of individual interests and 
perhaps specialized applications. The manner of 
presentation varies considerably to reflect the 
style of the author. This is shown in Table 3 which 
presents the content of the basic undergraduate 
courses at Berkeley and Northwestern. This di
versity leads to what we believe to be a healthy 
variation in individual undergraduate courses 
around the country, in which the fundamentals are 
fairly well agreed upon but many different ap
proaches exist within presentation ~nd the use of 
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TABLE 2. 
Tables of Contents of Basic Material from Three Texts on 

Chemical Engineering Kinetics and Reactor Design 

Levenspiel Smith Carberry 

1. Introduction 7 I. Introduction 32 I. Introduction 11 
2. Kinetics of Homogeneous 2. Kinetics of Homogeneous 2. Behavior of Chemical 

Reactions 33 Reactions 65 Reactions 50 
3. Interpretation of Batch 3. Design Fundamentals 33 3. Behavior of Chemical 

Reactor Data 52 4. Homogeneous Reactor Reactors 66 
4. Introduction to Reactor Design: Isothermal 4. Conservation Equations for 

Design 4 Conditions 73 Reactors 51 
5. Single Ideal Reactors 27 5. Temp. Effects in 5. Heterogeneous Reactions 50 
6. Design for Single Reactions 39 Homogeneous Reactors 40 6. Gas-Liquid and Liquid-Liquid 
7. Design for Multiple 6. Deviations from Ideal Systems 67 

Reactions 47 Reactor Performance 30 7. Fluid-Solid Non-Catalytic 
8. Temp. and Pressure Effect 43 7. Heterogeneous Reactions 9 Reactions 47 
9. Non-Ideal Flow 8. Heterogeneous Catalysis 47 8. Heterogeneous Catalysis and 

10. Mixing of Fluids 9. Kinetics of Fluid-Solid Catalytic Kinetics 100 
11. Introduction to Design for Catalytic Reactions 28 Total pages: 442 

Heterogeneous Reacting 10. External Transport 
Systems 8 Processes in Heterogeneous 

14. Solid Catalyzed Reactions 77 Reactions 42 

Total pages: 337 11. Reaction and Diffusion 
Within Porous Catalysts: 
Internal Transport 
Processes 

specific examples to develop material beyond the 
entry level. Historically this situation may be the 
result of the fact that many current undergradu
ate courses in reaction kinetics and reactor analy
sis had their origins not too long ago at the gradu
ate level. It is within recent memory that many 
undergraduate curricula contained no courses ( or 
elective, at best) in this area. 

KINETICS AND EXPERIMENTATION 

THERE ARE SOME ASPECTS of undergradu
ate education concerning kinetics and reaction 

engineering that should be of current concern. 
Interestingly, most of them deal with kinetics. 
One has to do with the chemical part of chemical 
kinetics. In most cases this is not treated in any 
detail, if at all, with the result that the student's 
analysis of kinetics is based purely on phenomono-

. . . . we feel strongly that 
the undergraduate program in kinetics 
should not be devoid of relevant experimentation in 
an engineering context. 

154 

65 

Total pages: 464 

logical rate laws with little understanding of their 
basis. Where does the Arrhenius law come from 
anyway? If we are careful to use activities in 
thermodynamic problems, shouldn't we use them 
in kinetics? Certainly all of us could formulate 
numerous questions similar to these and perhaps 
even admit that they are not addressed in our 
undergraduate course. Earlier, such problems may 
not have been of quite so much concern, but cur
rent undergraduate physical chemistry courses 
differ from those taught 20 years ago. Increased 
emphasis (if not total preoccupation) on spectro
scopy and quantum theory has reshaped much of 
the course content and the student may come away 
with somewhat less chemical intuition regarding 
reaction analysis than was formerly the case.* 
A problem in developing suitable coverage is that 
text material is distributed over a wide range of 
sources, as indicated in Table 1. 

A second factor of concern is the development 
of suitable laboratory experiments in the area . 
Too often relevant experimentation is found only 
as one or two entrees in the undergraduate chem-

*Do you know what your Chemistry Department is doing tonight? 
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ical engineering laboratory menu, or an occasional 
experiment in introductory or physical chemistry 
laboratory. This is admittedly a difficult problem, 
since the timing sequence of courses in kinetics in 
many curricula does not make for convenient rela
tion between classroom and laboratory experience. 
Unfortunately we have no general solutions to set 
forth for this problem, but we feel strongly that 
the undergraduate program in kinetics should not 
be devoid of relevant experimentation in an en
gineering context. In fact, experiments on non
trivial catalytic, kinetic and reactor design sys
tems introduce the student to the real world and 
focus attention on the enormous difficulties asso
ciated with getting good data, interpreting them, 
and using them to predict reactor behavior. An 
undergraduate elective course, half lecture and 
half laboratory, is available at Berkeley. The 
course outline is shown in Table 4. A course with 
a similar objective was developed some years ago 
at Princeton and a laboratory manual detailing 
several excellent experiments was prepared by 
J. B. Anderson. 

A second factor of concern is the development 
of suitable laboratory experiments in the area. Too 

often relevant experimentation is found only as one or 
two entrees in the undergraduate chemical engineering 

laboratory menu, or an occasional experiment in 
introductory or physical chemistry laboratory. 

ENTRANCE-LEVEL COURSES 

JT IS INTERESTING that an increasing num-
ber of schools throughout the country are off er

ing two courses in this area at the undergraduate 
level, either as a Junior-Senior sequence or by 
making available the entering level graduate 
course as a second offering for qualified under
graduates. This, in turn, presents an interesting 
problem as to what to offer students entering a 
graduate program with such a background. Prob
ably, any graduate program should include at least 
one course beyond the entering level, and many do 
considerably more. Often the advanced graduate 

TABLE 3. 
Undergraduate Kinetic Courses Compared 

Week 
1 

2 

3 
4 

5 

6 

7 

8 ✓ 

9 

10 

Northwestern University 
4 hr/wk of lecture for 10 weeks 

Content 
Introduction, definition of rate and extent of reac

action 
Descriptive kinetics of simple and nearly complex 

reactions 
Elementary steps and chain reactions 
N onisothermal reactions 
Interpretation of kinetic data 
Collision theory, Lindemann theory 
Midterm I (basic kinetics) 
RRK theory, transition state theory 
Reactions on surfaces 
Mixing and segregation 
Age distributions 
Midterm II (rate theories) 
Mixing models 
Mixing and ideal reactor models (PFR,CSTR)

conversion and selectivity 
Temperature effects in ideal reactors 
N onideal reactor models : mixing cell and 

dispersion 
Temperature effects in nonideal reactors 
Reactions in two phases, mass transfer and 

reaction 
Midterm III (mixing and ideal reactors) 
Introduction to some detailed simulation methods 
Overview of course 
Industrial example, catalytic cracking 
Midterm IV (nonideal reactors) in lieu of final 

exam 
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California, Berkeley 
3 hr/wk lecture and 1 hr tutorial for 10 wks 

Week Content 
1 Introduction to subject, references, purpose, rela-

tionship to other chemical engineering courses 
Stoichiometric equations, simple and complex re

actions 
Extent of reaction, rate of reaction 
Elementary steps, sequences of reactions 

2 Temperature coefficient, Arrhenius expression 
Theories of reaction-collision theory and transi

tion state theory 
3 Finish transition state theory 

Steady state approximation 
4 Rate limiting step-meaning and utility 

Examples of homogeneous and heterogeneous sys
tems. HBr, HI, dehydrogenation of methylcyclo
hexane 

5 Plug flow reactor isothermal, adiabatic and non-
isothermal 

6 Midterm 
CSTR equations for isothermal and non-isothermal 

7 Multiple steady states in reaction systems 
8 Examples of real reaction systems: 

Chlorination of Benzene 
Oxidation of naphthalene 
Ammonia synthesis 

9 Residence time distribution function, its utility and 
short-comings 

Moving bed and fluidized reactors 
10 External and internal diffusion in heterogeneous re-

action systems. 
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... the student's analysis of kinetics is based purely on 
phenomonological rate laws with little understanding of their basis. Where does the Arrhenius law come 
from anyway? If we are careful to use activities in thermodynamic problems, shouldn't 
we use them in kinetics? 

TABLE 4. 
Undergraduate Course, "Catalytic Reactor Design and 
Catalysis", University of California, Berkeley 3 hr/wk 

for 10 weeks. 

Week 
1 

2 

3 

4 
5 

6 

7 

8 

9 

Content 
Course Organization 
Laboratory organization 
Tutorials* 
Preparation of Catalysts 
Preparation of Catalysts 
Physical Characterization of Catalysts 
Reactor Design Principles 
Tutorials* 
Reactor Design Problem 
Reactor Design Problem 
Rate Expressions for Catalysts 
Tutorials* 
Rate Expressions, contd. 
Homogeneous Catalysis 
NOx reduction 
Tutorials* 
Fluidized Reactors 

10 Liquid-Liquid and Gas-Liquid Reactors 
Student Reports 

''Tutorials by appointment, individually arranged . . 

EXPERIMENTS* 

1. H
2
-02 Exchange 

H
2
-D

2 
exchange is measured on a fresh Ni film in a bulb 

using mass-spectrometer to analyze the progress of the 
reaction in a batch reactor. 

2. Hydrogenolysis of Cyclopropane 
The kinetics of hydrogenolysis are studied in an integral 
packed bed reactor using Pt on ,,-alumina catalyst. The 
objective is to determine experimentally reaction order 
and activation energy. 

3. Oxidation of Propylene 
The objective is to determine activation energy for re
action of a dilute mixture of ethylene in air to CO 2 and 
water on a Pt-alumina catalyst. This experiment is an 
idealized model of an automobile catalytic converter. 

4. Esterification of Butyl Alcohol with Acetic Acid 
The purpose of this experiment is to study the kinetics 
of esterification as affected by temperature, acidity, and 
effects of reversibility. 

5. Carbon-Carbon Dioxide Reaction 
The reaction between graphite rods and CO2 is studied 
at atmospheric pressure and at very high temperatures 
in a glow-bar furnace. The objective is to show directly 
the non-uniform reaction within the carbon rod. 

6. Oxidation on a Platinum Foil 
The reaction of CO and 0 2 is studied on an electrically 
heated platinum foil in a fl.ow reactor. Reaction rates are 
determined from heat release on the catalyst. Reaction 
mechanism and activation energies are determined. 
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7. Catalyst Characterization 
BET surface area. Metal surface area. 

8. Catalyst Preparation 
A typical catalyst is prepared by impregnating an 
alumina support with nickel salt. The nickel is reduced 
and subsequently the catalyst pellet is observed to es
tablish the metal distribution. 

*Students do 2 experiments plus a catalyst characteriza
tion in addition to a reactor design. 

experience need not be in terms of formal lecture 
courses, but may be in the form of research or 
joural reading seminars, special topics courses 
(whose content may vary from one year to the 
next), intensive mini-courses, etc. It is perhaps 
less appropriate here to become involved in a dis
-cussion of details of graduate courses at any level, 
since these ordinarily are much more reflective of 
the interests and experience of the instructor, and 
variations in content within wide limits are possi
ble. Nonetheless, when we originally compared 
notes concerning the content of the entering level 
graduate courses at Berkeley and Northwestern 
we were struck by their similarity. These courses 
are basically a continuation in depth of the under
graduate courses, assuming background in de
scriptive kinetics and some understanding of ideal 
(PFR and CSTR) reactor models. One unifying 
theme in both courses is the discard of pseudo
homogeneous approximations and extensive treat
ment of reactions involving two phases. Under this 
cover we discuss heterogeneous catalysis, gas
liquid reactions, heterogeneous (two phase) re
actor models, and the theory of diffusion and re
action. To our additional surprise, we found that 
considerable effort is devoted in both North
western and Berkeley courses to discussion of 
what might be termed "industrial examples". At 
Berkeley these include analysis of a FCC reactor
regenerator system and a study of the chlorination 
of benzene; at Northwestern kinetic lumping and 
decay models for catalytic cracking are investi
gated. Both courses also include a "sampler" on 
reactor stability and parametric sensitivity and 
introductory material on two-dimensional model
ing. A syllabus of the Berkeley course is given in 
Table 5. 
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TABLE 5. 
Graduate Course, "Chemical Reaction Analysis", 

University of California, Berkeley, 3 hr/wk 
for 10 weeks. 

Lecture 
1 
2 

3 

4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

28 
29 
30 

Content 
Orientation, organization, goals 
Stoichiometry, minimum independent variable in 

system 
Conversion, definition of rate expression, conser

vation equations 
The problem of heterogeneous reactor design-

the pseudohomogeneous rate 
Langmuir-Hinshelwood kinetics 
Quasi-steady state methods 
Thiele-Zeldovich problem 
Falsification of kinetics by transport phenomena 
Generalized treatment 
Heat effects, complex reactions, criteria 
Parameters of model: BET area, metal area, 

diffusivity 
Single pellet diffusion reactor 
Models of poisoning 
External mass transfer 
Reactor design, residence time distribution 
Residence time distribution 
Application of RTD to reactor modeling 
Reactor-regenerator; fouling 
Examination 
Chlorination of benzene: example 
Stability: Van Heerden, 

Bilous and Amundson 
One-dimensional reactors 
Stability: NH3 synthesis, Grens problem 
Two-dimensional reactors 
Boundary conditions, hot spot example (phthalic 

anhydride) 
Fluidized reactors 
Slurry reactors 
Trickle-bed reactors 

If this single example possesses any generality, 
it would tend to indicate that a degree of consensus 
exists concerning the lower level graduate course 
similar to undergraduate courses. Beyond this 
level, however, offerings become quite varied de
pending on the interests and resources of indi
vidual departments. Normally, one finds some 
course dealing with various aspects of detailed 
reactor design, such as two dimensional, two 
phase fixed beds, fluidized beds, slurry, or trickle 
bed reactors. 

A final note concerning graduate education in 

•.• a degree of consensus exists 
concerning the lower level graduate course 
similar to undergraduate courses. 
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this field is the high potential value of individual
ized seminar courses or research seminars. These 
can be organized about special topics and made 
complimentary to material presented in more 
formal courses. At Northwestern, for example, 
there is a rather sizeable group of individuals in 
ChE, Chemistry, and Materials Science who are 
involved in catalysis research. Faculty, students, 
and visitors participate in a "Catalysis and Sur
face Science" seminar approximately every other 
week amid the munching of potato chips at Friday 
noon. A typical schedule of speakers, affiliations, 
and topics is given in Table 6. This seminar series 
is a nice supplement to courses in advanced re
action kinetics and catalysis which are generally 
offered in the winter and spring quarters. 

In summary, we see a large measure of agree
ment on the content of undergraduate and enter
ing level graduate courses in chemical reactor en
gineering, as illustrated here. What of the future? 
Assuming that current research · interests are 

TABLE 6. 
Catalysis and Surface Science Seminars 

Spring Quarter, 1977, Northwestern University 

1. Professor J. J. Fripiat, C.N.R.S., Orleans, France (vis
itor), "Aspects of Zeolite Catalysts: Evidence for 
Hydrogen Spillover" 

2. Dr. R. Bjorklund, Dept. of Chemistry, Northwestern 
(post-doctoral fellow), "Properties of Ni/ Al20 3 Cat
alysts Prepared by Reaction of Ni(C0) 4 with Alum
ina" 

3. Dr. M. Jarjoui, University of Lyons, France (post- doc
toral fellow), "Partial Oxidation of Ethylene over 
Silver Catalysts" 

4. Dr. Y. Inoue, Department of Chemistry, University of 
Tokyo (post-doctoral fellow), "The Reactivity of 
Supported Pt with 0 / ' 

5. Professor J.B. Cohen, Department of Materials Science, 
Northwestern, "EXAFS and Its Applications in Sur
face Science" 

6. Mr. D. M. Downing, Dept. of Chemical Engineering, 
Northwestern (graduate student), "Modeling Ther
mal and Mass Transport Interactions in Deactivated 
Catalyst Particles" 

7. Mr. P. Otero-Schipper, Dept. of Chemical Engineering, 
Northwestern (graduate student), "Hydrogenation 
and Hydrogenolysis on Supported Pt" 

going to show up in higher level graduate courses 
and thence diffuse downwards, we would expect to 
see increasing emphasis on unsteady state models, 
polyfunctional catalysis, catalyst deactivation, 
stability and sensitivity problems of various types, 
and lumping schemes for analysis of complex re
action networks. Can we be blamed if this sounds 
like a listing of our own research interests? • 
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INFLUENTIAL PAPERS IN 
CHEMICAL REACTION ENGINEERING 

ROBERT L. KABEL 
Pennsylvania State University 
University Park, PA 16802 

THIS PAPER DESCRIBES the genesis, devel
opment, implementation, and evaluation of a 

graduate level kinetics course based upon selected 
influential papers in chemical reaction engineer
ing. The starting point was the following letter of 
January 1976. 

This spring I will be teaching a graduate course 
in Chemical Reaction Engineering. My thought is to 
select ten to fifteen of the most influential research 
papers in this area and to build the course around 
them. Just to pick a couple of examples, consider 
"Hougen, 0. A., and Watson, K. M., "Solid Catalysts 
and Reaction Rates," Ind. Eng. Chem. 35, 529-541 
(1943) and Danckwerts, P. V., "Continuous Flow 
Systems, Distr ibution of Residence Times," Chem. 
Eng. Sci. 2, 1-13 (1953). 

No doubt you have your own favorites. So I am 
asking you along with a number of our colleagues to 
send me the references to a few papers that you con
sider to be of special importance. 

One should not conduct a survey without sharing 
· the results with the respondents. Also you may be 
· interested in the cumulative opinion of your peers. So 

I will send a tabulation of the responses to everyone 
who contributes. Thank you for your. help. 

Twenty-two such letters were sent to individ-
uals prominent in chemical reaction engineering. 
Sixteen responses were received including four 
froni the researchers surveyed outside of the 
United States. All responses came from academic 
researchers although one industrial person was 
solicited. The list, shown in Table I, comprises the 
suggestions of fourteen of the respondents. Two 
respondents referred only to chapter bibliogra
phies in their books. These responses, while use
ful, would produce an even longer list. Papers are 
listed first by frequency of mention and second by 
date of publication. 

*Presented at the Summer School for Chemical Engi
neering Faculty held at Snowmass, Colorado, 1977. 
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TABLE I 
List of Suggested Influential Papers 

5 MENTIONS 

Thiele, E. W., "Relation Between Catalytic Activity and 
Size of Particle," Ind. Eng. Chem. 31, 916-920 (1939). 

3 MENTIONS 

Denbigh, K. G., "Velocity and Yield in Continuous Reaction 
Systems," Trans. Faraday Soc. 40, 352-373 (1944). 

Wheeler, A., "Reaction Rates and Selectivity in Catalyst 
Pores," Advances in Catalysis 3, 249-327 (1951). 

Aris, R., and Amundson, N. R., "An Analysis of Chemical 
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This paper describes the 
genesis, implementation, and evaluation 
of a graduate level kinetics course based upon 
selected influential papers in chemical 
reaction engineering. 
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SELECTION OF PAPERS 

THE RESULTS OF THE survey led to a very 
nice course structure with very little artificial 

jµggling. The papers selected for the course in
cluded all multiply mentioned ones except those 
which overlapped other selected papers. For prac
tical reasons, extremely long papers were omitted. 
With one exception [Flory, P. J., "The Mechanism 
of Vinyl Polymerization," J. Am. · Chem. Soc. 59, 
·241-253 ( 1937)] all papers selected came from the 
list of Table I. Table II presents the selected topics 
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The students were asked to 
"Choose a chemical reaction of commercial 

importance and, utilizing the decision process sug
gested by Weekman, discuss the type of reactor best 
suited to study the reaction." Toward the end of the 

course, commercial reactors were considered. 

and source papers in the order in which they were 
taken up in the course. It can be seen that the 
selected papers yield a reasonably coherent and 
comprehensive course according to subject matter. 
The most obvious omission is in the area of 
fluidized beds where none of the papers appeared 
to be quite suitable. Thermodynamics also is not 
mentioned in Table II, but it does play a role in a 
number of papers. Comments follow on the indi
vidual papers selected and their roles in the course. 

Hougen and Watson (1943) was treated first 
for several reasons. Its emphasis on catalytic 
kinetics was a good starting point. As a very com
prehensive paper, it gave a good introduction to 

TABLE II 
Course Organization by Subject 

TOPIC 

Catalytic Kinetics and Reactors 

Laboratory Reactors 

Flow Reactors (esp. CSTR's) 

Residence Time Distribution 

Mass Transfere with 
Chemical Reaction 

Polymerization 

Multiple Steady States and 
Stability 

Stability and Control 

Pore Diffusion 

Effectiveness Factors 

Heat Transfer in Packed Beds 

Coke Formation on Catalysts 

Selectivity and Yield 

Commercial Reactors 

Optimization 

REFERENCE 

Hougen and 
Watson (1943) 

Weekman (1974) 

Denbigh (1944) 

Danckwerts (1953) 

van Krevelen and 
Hoftijzer (1948) 

Flory (1937) 

van Heerden (1958) 

Aris and 
Amundson (1958) 

Thiele (1939) 

Weisz and 
Hicks (1962) 

Singer and 
Wilhelm (1950) 

Voorhies (1945) 

Carberry (1966) 

Chu and 
Hougen (1961) 
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much of what was to follow. Their original deriva
tion of the plug flow reactor mass balance could 
well have appeared later in the course sequence. 
Nevertheless, it was desirable for me to present 
this paper first to set an example for the students 
and to allow them time to prepare their material 
(see Class Organization). 

Weekman (1974) discussed selection of labora
tory reactors. This paper is perhaps not a classic 
but it served well to introduce the various kinds 
of reactors. The students were asked to "Choose 
a chemical reaction of commercial importance 
and, utilizing the decision process suggested by 
W eekman, discuss the type of reactor best suited 
to study the reaction." Toward the end of the 
course commercial reactors were considered. 

Denbigh (1944) is surely a landmark paper in 
the quantitative treatment of flow reactors. We 
used it especially in relation to continuous flow 
stirred tank reactors; however, its treatment of 
plug flow was compared to Hougen and Watson's. 
Denbigh also analyzed by-passing effects, selec
tivity and yield, and temperature programming 
of reactors. These subjects all arose again in sub
sequent papers. 

Danckwerts' (1953) paper on residence time 
distribution followed naturally after Denbigh's. 
An important and unique class of heterogeneous 
reactions, gas-liquid, was powerfully influenced 
by van Krevelen and Hoftijzer (1948). To bring 
in more kinetics and the important subject of 
polymerization, we selected the 1937 paper by 
Flory on the mechanism of vinyl polymerization. 
Van Heerden's work on multiple steady states is 
so well known that no further comment is required 
to demonstrate its influence. No one in the class 
discovered that 35-40 years earlier Liljenroth, 
F. G., "Starting and Stability Phenomena of 
Ammonia-Oxidation and Similar Reactions," 
Chem. Met. Eng. 19, 287-293 (1918) had made 
many of the same points. Aris and Amundson 
(1958) provided a culmination of the treatment 
of homogeneous reaction systems with a seminal 
paper in the area of reactor control. 

The most mentioned paper was Thiele (1939) 
on pore diffusion. This served as a basis for much 

TABLE Ill 
Some General Characteristics of 
Chemical Reaction Engineering 

I. Types of Technical Activity 
A. Determination of Effect of Process Variables· on Re

actor Performance 
1. Variables 2. Performance 

Temperature 
Pressure 
Composition 
Reactor Type 

Conversion 
Yield 

3. Analysis 
Input + Process - ? 

B. Characterization of Reactions and Reactor Specifi
cations 

1. Synthesis (Design) 
Input + ? - Output 

C. Experimentation and Data Interpretation 
1. Data Interpretation 

? ? + Process - Output 

II. Some Related Subject 
Areas 

A. Thermodynamics 
B. Thermostatics 
C. Stoichiometry 
D. Chemical Kinetics 
E. Economics 
F. Statistics and 

Distribution 

III. Other Important Aspects 
A. Uniqueness 
B. Quality Specifications 
C. Optimization 
D. Scale Up 
E. Communication 
F. Integration 

of the work on the ubiquitous effectiveness factor 
and its ramifications, of which the paper of Weisz 
and Hicks (1962) is a foremost example. Way 
ahead of their time were Singer and Wilhelm 
(1950) on heat transfer in packed beds. This 
paper was chosen for the course but a sister paper 
[Bernard, R. A., and Wilhelm, R. H., "Turbulent 
Diffusion in Fixed Beds of Packed Solids," Chem. 
Eng. Progr. 46, 233-244 (1950)] should be 
acknowledged. Voorhies (1945) was so successful 
in correlating coke formation on catalysts that 
very few papers appeared on this subject for 
twenty years. You might call its influence adverse. 

Carberry's (1966) article induced a good look 
back over our earlier papers in addressing the 
important and complex topic of selectivity and 
yield. This moved the class closer to the considera
tion of the details of commercial reactors. Finally 
the paper of Chu and Hougen (1961), though not 
very influential, served as a comprehensive ex
ample of design and intuitive optimization. 

In addition to the source material, another uncommon aspect 
to this course was the designation of each student as a specialist with regard 

to one of the central papers. The student was responsible for advance study of the 
assigned article including references to earlier work. 
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TABLE IV 
Quantitative Structure of 

Chemical Reaction Engineering 

I. Some preliminary considerations 
A. Reaction stoichiometry 
B. Determine thermodynamic feasibility 
C. Heat effects 
D. Physical and chemical properties 
E. Analytical techniques 
F. Mass balances 
G. Energy balance 

· II. Kinetics 
A. Reaction mechanism 
B. Find rate equation 
C. Effect of temperature and pressure 
D. Experimentation 
E. Data handling and error analysis 
F. Flow ramifications 
G. Selectivity 

III. Engineering aspects 
A. Catalyst selection 
B. Select reactor(s) type (simple or combination) 
C. Heat and mass transfer in heterogeneous and 

homogeneous systems 
D. Effectiveness factors 
E. Residence time distribution 
F. Process dynamics 
G. Optimization 

IV. Other aspects 
A. Safety 
B. Pollution control 
C. Preprocessing and subsequent operations 
D. Further recommendations 
E. Admission of inadequacies 

For each article there was in introductory lecture of about 15 minutes 
and assignment of homework. At the next class, the 
specialist gave his main lecture, discussed the 
homework, and made new assignments. 

CLASS ORGANIZATION 

THE EARLY CLASSES were spent organizing 
. the course and discussing the nature of chem

ical reaction engineering. Two results of these 
discussions are shown in Tables III and IV. It can 
be seen that most of these aspects could be ex
pected to- come up in the study of the central 
papers and their literary kin. 

In addition to the source material, another un
common aspect to this course was the designation 
of each.' student as a specialist with regard to one 
of the central papers. The student was responsible 
for advance study of the assigned article including 
references to earlier work. In this way he would 
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The most mentioned paper was Thiele (1939) 
on pore diffusion. This served as a basis for much of 

the work on the ubiquitous effectiveness factor 
and its ramifications ... 

understand the circumstances in which the article 
appeared. Further by checking the citation index 
and recent textbooks he could discover the influ
ence of the assigned article on subsequent work. 
With consultation with the instructor, the special
ist prepared lectures and homework assignments 
for the class. 

For each article there was an introductory lec
ture of about 15 minutes and assignment of home
work. At the next class, the specialist gave his 
main lecture, discussed the homework, and made 
new assignments. In the following class period 
about 30 minutes were devoted to wrapping up all 
aspects of a given topic. The student also reviewed 
(as did the instructor) the homework, providing 
constructive criticism. Sometimes the specialist 
would assign required or optional supplementary 
reading. In this course structure each student 
served as a specialist in one area, studied all of the 
primary source papers and occasional supple
ments, worked homework assignments, lectured 
and reviewed homework papers, and took two 
written exams prepared and graded by the in
structor. 

- One final activity of the specialist was the 
preparation of a summary of his area with special 
attention to the documentation of key references. 
These summaries were reviewed by the instructor, 
typed, and distributed to the class. To give a more 
concrete picture of the course ; the assignments, 
exam question, and summary relating to Hougen 
and Watson (1943) are given as an appendix to 
this article. 

EVALUATION 

At the erid of the term, class members were 
asked to evaluate the course. Of the twelve re
spondents, eight were enthusiastic about the 
course structure (i.e. the use of student special
ists), two preferred that the instructor handle it 
in a conventional manner, and two were neutral. 
Several students suggested that early in the term 
(but after the specialty topics have been assigned) 
instruction should be given in effective teaching. 

The students were asked to indicate which two 
Continued on page 200 
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Giuseppe Parravano, Professor of Chemical 
Engineering and of Materials & Metallurgical En
gineering at the University of Michigan since 
1958, died suddenly April 1, 1978 in his Ann Arbor 
home. He was born in Florence, Italy, Dec. 17, 
1917, received doctorates in both electrical engi
neering and chemistry from the University of 
Rome. He held appointments at Milan Polytechnic 
Institute, Princeton University, University of 
Rome, Franklin Institute and the University of 
Notre Dame, before joining the U-M faculty in 
1958. He was recognized for his research in the 
field of catalysis of chemical reactions. 

Paul J. Flory, Nobel Prize winner in chem
istry, said of Parravano: "His work combines a 
freshness of viewpoint and breadth of knowledge 
in the fields of surface catalysis and electrochem
istry that is unique. He has introduced important 
elements of novelty and originality, both in sys
tems investigated and methods applied." 

Professor Parravano was pursuing some new 
theories of catalytic behavior which have applica
tion in energy conversion processes and in the de
sign of anti-pollution devices in automobiles. 

"With his broad knowledge of several disci
plines he was instrumental in initiating and teach
ing ten courses at the undergraduate and gradu
ate levels," said Prof. Jerome S. Schultz, chairman 
of the U-M department of chemical engineering. 

[eJ ;j =I book reviews 

THERMODYNAMICS: FUNDAMENTALS, 
APPLICATIONS 

0. Redlich, Elsevier, 1976 
Reviewed by Kraemer D. Luks, University of 
Notre Dame 

Redlich's "Thermodynamics: Fundamentals, 
Applications," on one hand, provides the reader 
with insights and viewpoints that reflect the 
author's experience in thermodynamics. These 

Continued on page 187 
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His high standards of scholarship, creativity, 
and intensity with which he approached his re
search attracted students and researchers from 
all over the world to visit and work in his labora
tory. The collaborations have resulted in more 
than 100 technical publications. 

Prof. Parravano's interest was not limited to 
science as he was intensely concerned with ethical 
values in present society and served on the Cath
olic Commission on International and Cultural 
Affairs. 

Always there to help others, his untimely death 
will be a loss to his many friends in the Ann Arbor 
community. 

He was a Fulbright Scholar at the University 
of Innsbruck . in 1976 and had held visiting ap
pointments at the University of California at 
Berkeley, Stanford University and the University 
of Rome. In recent years he had periodically di
rected a research group on surface catalysis at 
the Donegani Institute in Novara, Italy. 

Prof. Parravano is survived by his wife 
Ernestina, four sons-Nicola, Carlo, Pietro and 
Paul-and three grandchildren. 

DEPARTMENT OF CHEMICAL AND 
BIOCHEMICAL ENGINEERING 

RUTGERS UNIVERSITY 
THE STATE UNIVERSITY OF NEW JERSEY 

Rutgers U. seeks applicants for a tenure-track posi
tion of Asst. Prof. effective July 1, 1979. Applicants 
must have a recent Ph.D. in ChE. Expertise in any 
of the mainstream areas of classical chemical (not 
biochemical) engineering fundamentals, including 
experimental research experience, is most desirable. 
Send resume, names of at least three references, and 
statement of research and teaching objectives, to 
Prof. Burton Davidson, Chrm., Dept. of Chemical 
and Biochemical Engr., Rutgers U., New Brunswick, 
N.J. 08903. Rutgers is an equal opportunity/affirma
tive action employer who encourages applications 
from minorities and women. 
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A GRADUATE COURSE IN POLYMER PROCESSING 

STANLEY MIDDLEMAN 
University of Massachusetts 
Amherst, MA 01003 

WHILE THE polymer-related industries hold 
a most significant position among chemical 

industries today, and while a large fraction of both 
B.S. and advanced degree holders in Chemical 
Engineering today find employment in some area 
of polymer production or fabrication, a relatively 
small number of ChE departments provide an op
portunity for substantial course and research work 
in this field. Through its association with the 
Polymer Science and Engineering (PSE) Depart
ment of the University of Massachusetts, gradu
ate students in ChE at U. Mass can elect from a 
large selection of polymer-related courses which 
make up the Ph.D. curriculum of the PSE Depart-

TABLE 1 
Major Course Offerings of the 

Polymer Science and Engineering Department 

501 Introduction to Polymer Science 
502 Polymer Science Lab 
503 Polymer Synthesis Lab 
589. Chemistry of Macromolecules 
670 Applied Polymer Science 
720 Viscoelasticity 
721 Polymer Microscopy and Morphology Lab 
731 Polymer Properties 
733 Polymer Reactions Induced by Stress 
734 Degradation and Stability of Polymers 
735 Interaction of Radiation with Matter 
736 Applied Spectroscopy of Polymers 
737 Polymer Reactor Engineering 
7 40 Magnetic Resonance of Polymers 
7 42 Biopolymers 
790 Organic Polymerization Reactions 
792 Polymer Rheology 
793 Polymer Processing_ 
798 Physical Chemistry of High Polymers 
799 Physical Chemistry of High Polymers II 

ment. Many of these courses cover engineering 
aspects of the polymer field, and are taught by 
members of the ChE faculty who hold joint ap
pointments with PSE. This article focuses on one 
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such course: Polymer Processing. 
To put the course in the perspective of a 

broader program, Table 1 shows the total course 
offerings of the PSE Department. The Polymer 
Processing course is required of all PSE students, 
who normally take it in their second year of grad
uate study. ChE gradute students may elect the 
course at any time. Indeed, the nature of the 
course is such that senior ChE majors can and do 
take Polymer Processing as a technical elective. A 
typical class "mix" is 20-25 PSE graduate stu
dents, 6-10 ChE graduate students, and several 

The student must learn that while 
there can be clearly incorrect models, most 

engineering processes allow for many levels of 
modeling which, while not incorrect, do differ in 

sophistication, ease of application, and detail 
of correspondence to reality. 
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Paramount to developing a 
facility with modeling is examining 
the correspondence of a model to reality. 
Thus, the models are compared to 
industrial or laboratory data to 
the maximum extent possible. 

seniors in the ChE department. In addition, we 
often have a few (2-4) industrial employed en
gineers who take the course. 

Table 2 shows the major chapter headings of 
the text used in this course, a book which I wrote 
myself in response to needs I felt as a teacher for 
an appropriate text in this area. The book reflects 
a certain philosophy of education in this field 
which I have developed from my experiences in 
teaching, directing research, and consulting in the 
field of polymer fluid dynamics. 

In many ways I regard this course to be one in 
applied fluid dynamics, w-ith an emphasis on flow 
processes dominated by viscous effects. As such, it 
provides a useful follow-up to the usual under
graduate course in fluid dynamics, which offers a 
broad coverage of fluid flow analysis with, usually, 
minimal depth of study of problems involving 
highly viscous and non-newtonian fluids. In addi
tion, the chapter on Heat and Mass Transfer (it
self one hundred pages in length) provides an op
portunity for reinforcement of the elements of 
convective transport phenomena usually touched 
on briefly in an undergraduate course. 

Another goal of this course is the development 
of the student's skill in formulating engineering 

TABLE 2 
Contents of "Fundamentals of Polymer Processing," by 
Stanley Middleman (Published by McGraw-Hill, 1977) 

1. Polymer Processing 
2. Modeling Philosophy 
3. Continuum Mechanics 
4. Dimensional Analysis in Design and Interpretation of 

Experiments 
5. Simple Model Flows 
6. Extrusion 
7. Calendering 
8. Coating 
9. Fiber Spinning 

10. Tubular Film Blowing 
11. Injection Molding 
12. Mixing 
13. Heat and Mass Transfer 
14. Elastic Phenomena 
15. Stability of Flows 
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models of a process. Much of undergraduate edu
cation is occupied with learning to solve problems 
which have correct solutions. Thus it is clear that 
the derivative of sin x is cos x, and there is no 
room for debate about this. In this Polymer Proc
essing course I try to emphasize the concept of 
modeling physical phenomena. The student must 
learn that while there can be clearly incorrect 
models, most engineering processes allow for many 
levels of modeling which, while not incorrect, do 
differ in sophistication, ease of application, and 
detail of correspondence to reality. The task in 
this course is to provide sufficient experience, 
through discussion and problem solving, that the 
student develops some facility and confidence in 
formulating a model that is appropriate to the 
goal at hand. It is very difficult to convince stu
dents that in some cases the best model to use is 
one that is so simple and sloppy that it appears, at 
first thought, that one might be ridiculed for even 
entertaining its use. 

Another feature of this course arises from the 
unusual "mix" of student backgrounds that I must 
deal with. The bulk of the students are in the PSE 
program, and two-thirds of them are graduates of 
Chemistry programs. Thus, these students have 
seen no fluid dynamics, no transport phenomena, 

In many ways I regard this course 
to be one in applied fluid dynamics, with 

an emphasis on flow pressures dominated by 
viscous effects. As such, it provides a useful follow-up 

to the usual undergraduate course in fluid dynamics, 
which offers a broad coverage of fluid flow analysis 

with, usually, minimal depth of study of problems 
involving highly viscous and non-newtonian fluids. 

in many cases no mechanics at all. They have had 
a science education, they believe in science, and 
for them the concept of crude, approximate, 
models is often an alien, disturbing, and offensive 
concept. Thus, the course begins with discussion of 
the philosophy of modeling and then turns to de
velopment of the principles of mechanics as ap
plied to the dynamics of viscous flow. A brief dis
cussion of rheology is included here, since some of 
the students will not have done the full semester: 
course we off er in that area. 

Following this introduction of fundamentl:1.1. 
concepts and tools, we turn to ex:amining models 
for a wide range of idealized flow situations and 
then spend the bulk of the semester on applying 
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these models to a variety of polymer flow proc
esses. Paramount to developing a facility with 
modeling is examining the correspondence of a 
model to reality. Thus, the models are compared to 
industrial or laboratory data to the maximum ex
tent possible. Below is a typical example from 
Chapter 13 of the text, in which several models 
are examined in the light of existing experimental 
data. The assumptions inherent in the models are 
reviewed, and then models which relax these as
sumptions are developed. 

Example: Comparison of measured and predicted Nusselt 
numbers-Griskey and Wiehe present data for heat transfer 
to molten polyethylene pumped through a 3/8-in heated 
pipe. They present the data in terms of an "arithmetic av
erage Nusselt number," shown plotted in Figure 1. Compare 
the data with theory. 

We begin by constructing the theoretical curve in terms 
of the average Nusselt number Nua. For very small values 
of U 'TTR 2 I aTL = wC Pl kL the Leveqque solution holds, and 
since the extent of heat transfer is not great, we expect that 
Nua = Nu. If the Leveque equation is used for the local 
Nusselt number, and if integration is carried out to obtain 
the average, the result is found to be 

- (3n + 1) 113 
( 4UR2 )

113 

Nua =Nu= 1.61 -~- --L-
4n aT 

(1) 

= ( 3n + 1) 1/3 ( wCP )1/3 
l,75 4n kL 

It is much more tedious to carry out the same procedure 
using the Graetz infinite series solution, and instead we ex
amine_ the limiting behavior at the extreme where the fluid 
is almost completely heated to the wall temperature. Under 
those conditions we find 

q = -wCP(<T> -T0 ) = -wCP(Tw-T0 ) 

and, it follows that 
- 2wC 

Nna = 1Tk!, (2) 

Figure 1 shows this asymptotic relation, as well as the 
Leveque limit [Eq. 1] for n = 0.7 (the value noted by Gris
key and Wiehe). It is not very difficult to interpolate a 
smooth curve between the two asymptotic limits. 

The data of this example are seen to be in reasonably 
good agreement with the theory. Other sets of experimental 
data, obtained with polymer solutions, also bear out the gen
eral validity of the models presented above. We must recall, 

A second goal, and an 
important one, is development of a coherent 
set of principles of transport phenomena (fluid 
dynamics, heat and mass transfer) as applied to the 
design and analysis of highly viscous, often 
non-newtonian, systems. 
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FIGURE 1. Data of Griskey and Weihe compared to 
theory (Eq. 1, using n = 0.7). * 

however, that the models are subject to certain assumptions 
which are not always met. In particular we have assumed: 

1. The viscosity is independent of temperature. 
2. The pipe wall is isothermal. 
3. No viscous heat generation occurs.* 

The example continues with an examination of 
several additional models. 

At present there is no laboratory experience 
associated with this course. However, we are pres
ently building a Polymer Process Fundamentals 
Laboratory, and expect to integrate this facility 
into the graduate teaching program. 

In summary, then, while this course is nom
inally one in the area of polymer transport phe
nomena, it serves several more general roles as 
well. Of greatest importance, I think, is the de
velopment of the capacity to examine a process, 
think about it in simple physical terms, and then 
-produce a mathematical model of the process that 
represents the best compromise between simplicity 
of solution and application, on the one hand, and 
correspondence to reality, on the other. A second 
goal, and an important one, is development of a 
coherent set of principles of transport phenomena 
(fluid dynamics, heat and mass transfer) as ap
plied to the design and analysis of highly viscous, 
often non-newtonian, systems. Finally, of course, 
the major polymer processes are discussed and il
lustrated, thereby providing an introduction to an 
area of engineering practice that is already of 
major importance, and that continues to grow. • 

*Reproduced by permission from Middleman, S., "Fun
damentals of Polymer Processing", McGraw-Hill-1977. 
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Individuals are alike. 
Aren't they? 

Obviously they're not. Everyone knows that each 
individual is different. But, it's not always as obvious as 
it sounds. Corporations seem to be trending towards 
putting people into methodical boxes - everyone in 
box A is supposed to be like everyone else. 
At Rohm and Haas we don't think people work creatively 
when they're put in boxes. 

We believe that everyone is more creative in an informal 
organization of people working with people on the basis 
of their own unique talents. 
That's why we look for Chemical Engineering grad
uates who are, first of all , individuals. Engineers whose 
attitudes and motivation are leading them to excel in 
both life and a career. Their sex or color doesn 't make 
any difference. They can be black or white; male or 
female; but, one thing stands out, they all seem to know 
where they're going in life. 

When we find people like that we try to move them along 
as rapidly as possible. We can do this because we're a 
growing organization that sets high standards for our 
employees. 
We are a major U.S. chemical company with over 2500 
products that are used in industry, agriculture and health 
services. Therefore, we do require that you have a solid 
academic grounding in Chemical Engineering that will 
contribute to our mutual success. Openings are in 
Manufacturing, Research and Technical Sales. 
If this sounds like your type of future, write to: Rohm and 
Haas Company, Recruiting and Placement #1578, 
Independence Mall West, Philadelph ia, Pa. 19105. 

ROHMD 
iHAAS~ 

An Equal Opportunity Employer. 



REACTOR DESIGN 
FROM A ST ABILITY VIEWPOINT 

D. D. PERLMUTTER 
University of Pennsylvania 
Philadelphia, PA 19104 

JT MIGHT, IN ALL fairness, be asked what it is 
in the subject of Chemical Reactor Design that 

provides the central themes. On what basis, for 
example, does one decide to include one topic and 
exclude another? Are the subjects of mixing and 
residence time distributions pertinent and im
portant? They are in essence physical effects 
rather than chemical, and could as well be pre
sented in a context of transport processes. If 
utilitarian needs are to provide the distinctions, 
one might move to include selective material on 
multiphase reactions, but such models are rather 
complicated and still distant from practical use. 
The decisions are often a reflection of the textbook 
and expertise that happen to be available. Under 
the circumstances, with a vast range of topics to 
choose from, the dependence on an available ex
pert may in fact be a fine basis for choice, even if 

Daniel D. Perlmutter is Professor of ChE at the University of Penn
sylvania since 1967. He served as Department Chairman from 1972 to 
1977 and as Chairman of the Graduate Group in ChE from 1969 to 
1972. Before that he was on the faculty at the University of Illinois, 
and a visitor at Harvard, at the University of Manchester (England) 
and at the University of Zagreb (Yugoslavia). He was twice a Fulbright 
Fellow (1968, 1972) and received a Guggenheim award in 1964. He 
has authored two textbooks and over 50 journal articles. 
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a bit arbitrary in nature. 
One might focus on the same question from an

other viewpoint. Should one not expect growth and 
development from the subject matter in a course? 
If the material of later weeks is interchangeable in 
sequence with that of the early weeks in the series 
and does not build upon it as a requisite, if there 
is no unifying theme, then is there a legitimate 
basis for claiming that the series of lectures form 
a single course? A similiar point could be made in 
categorizing a textbook (or for that matter, any 
book) . It is often an excellent idea to publish an 
anthology or a collection of short stories, but no 
one would call such a book a novel. 

The graduate reactor design course at the 
University of Pennsylvania uses stability as a 
central theme around which to organize a wide 
range of reactor concerns. This approach brings 
together the subject matter of catalyst particles 
with that on well-stirred vessels and tubular re
actor geometry. It emphasized the similarities 
among the diverse models rather than their differ
ences. It does, however, make distinctions between 
lumped and distributed models, between algebraic 
and differential equation models, and among the 
assumptions that are commonly made in arriving 
at numerical solutions from each starting point. 
The course is built around the author's textbook 
called "Stability of Chemical Reactors" (Prentice
Hall, 1972). 

Of the term stability, Richard Bellman has 
said that it has an unstable definition. In the ChE 
literature, for example, it has been used to mean 
steady state multiplicity, as well as parametric 
sensitivity. Even in its closer-to-mathematical 
sense, the term has been used to ref er to local be
havior (in the "neighborhood") about a steady 
state, and to trajectory motion in a large region 
of state space. The clarification of such ambiguity 
is an early objective of this course. It is handled by 
means of a variety of examples that illustrate the 
need for rigorous definitions. A detailed course 
outline is presented as Table 1. 
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The graduate reactor design course ... uses stability as a central 
theme around which to organize a wide range of reactor concerns. This 

approach brings together the subject matter of catalyst particles with that on well
stirred vessels and tubular reactor geometry . ... It does, however, make distinctions between 

lumped and distributed models, between algebraic and differential equation models, and among the 
assumptions that are commonly made in arriving at numerical solutions from each starting point, 

TABLE 1 
Chemical Reactor Design 

Course Outline 

I. INTRODUCTION 
A. What is reactor design: objectives and justification 
B. Stability approach as a unifying theme 

II. REVIEW OF BASICS 
A. Nomenclature, CSTR equations, special cases 
B. Volume and density changes 
C. Unsteady state behavior 
D. Batch reactor quadratures 
E. Kinetics review : mechanisms and rate equations 

III. MULTIPLICITY AND STABILITY 
A. Various definitions of stability 
B. Uniqueness in an isothermal CSTR 
C. Local stability criteria 
D. Two-equation models 
E. Is .uniqueness good? Design questions. 
F. Temperature variation 
G. Techniques for simultaneous equations 

IV. PHASE-PLANE ANALYSIS OF THE CSTR 
A. Trajectories, isoclines, eigenvectors 
B. Feedback control 
C. Regions of stability 
D. Liapunov stability 
E. Gerschgorin's theorem 
F. Practical stability 
G. Tracking function graphical technique 

V. TUBULAR REACTORS 
A. Plug flow model, isothermal 
B. Volume comparisons to CSTR 
C. Simultaneous and sequential reaction 
D. Staged reaction and cold-shot coo1ing 
E. Maintenance and cooling considerations 
F . Parametric sensitivity: Barkelew's correlation 
G. Steady state operating curves 
H. Adiabatic reactors 
I. Harriot's and Wilson's Rules for cooling capacity 
J. Effect on recycle on PFTR: multiplicity and stabil

ity criteria 

VI. DISPERSION EFFECTS 
A. Characterization of dispersion in a tube 
B. Danckwertz boundary conditions 
C. Special cases of axial or radial dispersion 

VII. CATALYST PARTICLES 
A. Effectiveness factors 
B. Experimental tests 
C. Multiple profiles and stability 
D. Collocation technique 
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LUMPED MODELS 

A STRAIGHTFORWARD ANALYSIS of the 
isothermal CSTR provides a vehicle for the 

development of new ideas in the context of an 
already familiar model. It is a surprise to some 
students to learn that multiple steady states can 
arise at all in an isothermal system. They explore 
this idea as an outgrowth of kinetic forms and 
carry the arguments to apply to free radical initia
tions and to chemostat biochemical models. The 
subject matter turns to temperature dependent 
energy considerations, but by this time the stu
dents have already handled the essential concepts 
arising from multiplicity. They learn to draw van 
Heerden diagrams and ignition and extinction 
hysteresis loops as particular cases of phenomena 
previously encountered in the isothermal systems. 

In an analogous way, the techniques of lineari
zation and eigenvalue analysis are introduced to
gether with the simplest one-equation models. 
Local stability and regions of stability are first 
demonstrated for single-variable equations; they 
are then developed for multidimensional models, 
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FIGURE 1. Steady-state operating curves for the 
temperature-dependent CSTR with region of 

instability. 
Reprinted by permission from Daniel D. Perlmutter, 

"Stability of Chemical Reactors", Prentice-Hall, Inc., 1972, 

169 



00 

~ 
]. 0.6 

g 
~ 
~ Of 06 io 
8 ~---l----+----+-+t-H--r--t-11---i 0 .4 

.l2b.. =0 03 08 
uCP 

• O. 2~---l----+----+--+-+-+---t------t----1,1---i 

O L__j2._5 ___ 2L.6---2-:f-..7~L......l...----'-;::2.~8-'---'---'-;;2~.9;-----' 

FIGURE 2. Steady-State operating curves for the PFTR. 
R eprinted by permission from Daniel D. Perlmutter, 

"Stability of Chemical R eactors", Prentice-Hall, Inc., 1972. 

some including thermal effects, some with feed
back control loops. This leads naturally into a re
view of linear algebra and phase-plane analysis. 
The results are used to consider trajectories dur
ing start-up, physical interpretation and eigenvec
tors, and direct methods for establishing stability. 

Some time is devoted to Liapunov analysis in 
part because of its applicability to nonlinear sys
tems, but also because it provides an excellent 
point of departure for questions of practicality in 
engineering as well as numerical analysis. This 
subject leads one to question the fundamental ob
jectives of reactor design : Is multiplicity good or 
bad in design? Should the designer prefer a large 
stability region or a small one? What is a practical 
stability criterion? When is a Liapunov-unstable 
system acceptable for practical use, and when is 
the stable system unacceptable? 

Many of the numerical results of the CSTR 
are summarized and presented as a set of steady 
state operating curves, such as Figure 1. This 
figure demonstrates multiplicity where the curves 
bend back on themselves, it shows a relatively 

Of the term stability, Richard Bellman has said that 

large region in the parameter space where steady 
states are unstable, and it includes a range of 
parameter values for which a single, but unstable 
steady state is found (a limit cycle). 

DISTRIBUTED MODELS 

THE POINT OF DEPARTURE for the realm 
of distributed models is the observation that a 

plug-flow (PFTR) geometry can produce steady 
state profiles with great parametr ic sensitivity, 
but it does not exhibit any multiplicity or instabil
ity for a given choice of design parameters. This 
argument is developed in considerable detail by 
discussion of the well-known work of Barkelew, 
Harriot, and Amundson. It is shown pictorially by 
Figure 2, where the lack of any sigmoid-shaped 
curves corresponds to a lack of multiple intersec
tions for a given feed condition. 

A second major milestone in this part of the 
course is the connection with feedback by recycle. 
The technique is based on the simultaneous solu
tion of a recycle equation of the form: 

C0 = (1- f) CF + f CE (1) 

1.50 .-----r------.----.--- ---r---.----,, 

1.25 
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0 1.50 

Co 

FIGURE 3. Multiple steady states for an isothermal 
PFTR-recycle system. 

R eprinted by permission from Daniel D. Perlmutter, 
"Stability of Chemical R eactors", Prentice-Hall, Inc. , 1972. 

it has an unstable definition. In the ChE literature, for example, it has been 
used to mean steady state multiplicity, as well as parametric sensitivity. Even in its closer-to-mathematical 
sense, the term has been used to refer to local behavior (in the "neighborhood'') about a steady state, 
and to trajectory motion in a large region of .state space. 
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FIGURE 4. Steady-state operating curves for PFTR
recycle system with f = 0.5 (Reilly and Schmitz, 1966). 

Reprinted by permission from Daniel D. Perlmutter, 
"Stability of Chemical R eactors", Prentice-Hall, Inc., 1972. 
with the PFTR isothermal mass conservation 
statement. 

CE s~ L 
u 

(2) 

Co 
When the latter equation is integrated to produce 
an algebraic relation, the simultaneous solution is 
most readily obtained from intersection points on 
a CE vs Co graph. 

An illustration is given in Figure 3, obtained 
by postulating a rate equation of the form 

kC 
R = (1 + KC) 2 

(3) 

and choosing selected values of f, K, CF, and the 
group (kL/ u) . The solution shows three steady 

<J 
(l 
,::' 

~ 0.6 
~ 
" .. 
u 

" () 
u 0 .4 
-:;; .. 
~ 
~ 

Feed condition, CpT,/,:,HC0 

FIGURE 5. Steady-state operating curves for the TRAM 
[a = D, (uL/D = 10] showing a region of instability. 

R eprinted by permission from Daniel D. Perlmutter, 
"Stability of Chemical R eactors", Prentice-Hall, Inc., 1972. 
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state solutions (profiles in the PFTR) and very 
marked sensitivity to the choice of recycle rate. 
From a presentation. of results such as Figure 3, 
it becomes apparent that multiplicity in these 
systems must be associated with recycle ( or mix
ing) , since even the isothermal PFTR reactor can 
show multiple steady state profiles when some of 
the product is appropriately recycled. 

When this problem is extended to include adia
batic and then temperature-dependent changes, 
the recycle behavior can be described in terms of 
sets of finite-difference equations. The similarity 
to ordinary differential equations is noted as is 
also the major point of difference in terms of 
eigenvalue criteria. The results of a numerical 
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FIGURE 6. Steady-state operating curves for TRAM
recycle system with f = 0.5, uL/D = uL/ a = 100. 

Reprinted by permission from Daniel D. Perlmutter, 
"Stability of Chemical R eactors", Prentice-Hall, Inc., 1972. 

study by Reilly and Schmitz are presented to il
lustrate the essential features of this system (see 
Figure 4). 

The consideration of tubular reactor geometry 
takes a more ambitious direction as dispersion 
effects are introduced in terms of a Peclet number 
and second derivative term. The need is estab
lished for new boundary conditions, and it is dem
onstrated ihat this mode of backmixing can also 
lead to multiplicity and instability of solutions. 
From this perspective the catalyst particle prob
lem is viewed as merely a special case for which 
no macroscopic flow term exists. 
- · When it ·is appropriate to call for numerical 

solutions to the distributed parameter models, they 
serve as a natural bridge to a presentation of the 
methods -of weighted residuals. In particular, both 

Continued on page 176 
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THE DYNAMICS OF HYDROCOLLOIDAL SYSTEMS 

RAJ RAJAGOPALAN 
Rensselaer Polytechnic Institute 
Troy, New York 12181 

THE TECHNOLOGICAL importance of the 
study · of colloidal dispersions and macro

molecular solutions needs no special emphasis, as 
even a casual glance at the flow charts and process 
diagrams of numerous chemical, biochemical and 
food processing operations will demonstrate. Aside 
from their industrial importance, hydrocolloidal 
suspensions ( of even the simplest structure) can 
serve as sufficiently reasonable models of rheolog
ically complex fluids and deserve careful scrutiny. 
Given this, one would readily agree to the addition 
of a course in this general area to the ChE cur
riculum. But what should it address? The topics 
are numerous, their nuances different, and the 
difficulties staggering; yet, one can easily identify 
a few general areas that certainly deserve a place 
in such a course, viz, the transport properties of 
the suspensions, which include the thermal and 
rheological behavior, the physicochemical prop
erties, which include the stability and associated 
problems, and certainly, processes where sols and 
macromolecular solutions display unique behavior, 
as for instance in membrane phenomena. 

But the question of emphasis still remains. 
ChE students rarely have the opportunity or the 
encouragement to pursue a structured program in 
this area, which has appropriately been called 
"the world of neglected dimensions". Without 
doubt, a general treatment of even one of the 
above topics is perhaps too specialized and prob
ably even too broad to form the subject of an 
undergraduate course, but an expository introduc
tion to colloidal interactions certainly belongs in 
an undergraduate program in ChE. However, at 
the graduate level the emphasis and contents rest 
on one's philosophy and needs. If problems of im
mediate industrial relevance dictate the emphasis, 
a practical concoction along ·the lines of Soo's 
monograph [7] will be probably satisfying in a 
certain sense, but if one allows that a prime duty 
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of a strong graduate program is to foster a taste 
for fundamental analyses, a rethinking seems to 
be in order. 

SCOPE AND OBJECTIVE 

THIS SOMEWHAT LENGTHY preamble is 
meant to provide a glimpse of the line of 

thought that led to the course described here. 
Designated as a "special topics" course and ad
dressed to advanced graduate students (prefer
ably, second year and beyond), the course is based 
on the premise that a sound base in the mechanics 
and electrokinetics of the dispersed phase is es
sential for an understanding of the macroscop
ically apparent behavior of such disperse systems. 
In handling or processing colloidal or macromole
cular systems, one observes, through appropriate 
instrumentation or by other means, primarily the 
macroscopic behavior of the system, viz., the con
centration gradients, velocity gradients, stress, 
and the like. These are observed on a scale over 
which changes in these variables are resolvable, 
spatially or temporally. This macrostructure, how-
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ever, emerges from microscopic interactions 
among the particles or macromolecules, at a scale 
over which macroscopic properties such as con
centration have no meaning. The deductive theo
ries of such phenomena proceed on the premise 
that one can, in pr inciple, star t with the descrip
tion of the system at the microscale and build a 
general theory step by step through the applica
tion of well-established physical and chemical 
principles. The philosophical basis of this ap
proach is of course hardly new, although this route 
is seldom emphasized in engineering curricula 
despite the fact that in many cases it is the only 
means of obtaining cor rect ( qualitative, if not 
quantitative) description at the macroscale. The . 
objective of the course, then, is to expose the 
student to the microstructure of the dispersion*, 
its electrokinetics, dynamics at the microscale and 
how these combine to project the general features 
that manifest at the macroscale. 

What follows is a description of a course under 
development along these lines at the Rensselaer 
Polytechnic Institute, approximately in the form 
in which it was presented last year. 

STRUCTURE AND CONTENTS 

A BRIEF ORGANIZATIONAL structure of the 
course and a fairly detailed list of contents fol

low in Figure 1 and Table 1, respectively. 
Introduction 

The course begins with a brief outline of the under
lying philosophy and clear definitions of the relevant 
length scales and time scales, since subsequent develop
ments depend critically on these concepts. A few simple, 
but representative, examples can be presented to provide 
an intuitive appreciation for these concepts and to motivate 
more rigorous materials that will follow subsequently. 
These could be the dumbbell models of polymeric liquids, 
adsorption/desorption phenomena at interfaces or mem
brane phenomena, but sufficient care is needed in this out
line and it pays to break down these examples according 

*Contrary to normal convention I have used the terms 
'dispersion' and 'colloid' in a loose sense, permitting them 
to denote not only what they usually stand for but also 
solutions of macromolecules . 
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FIGURE 1. Course Structure 

to the structural format and details presented in Figure 1 
and identify the individual segments and their logical inter
action. Pedagogically, this overview forms a crucial intro
duction to a course that rests essentially on an axiomatic 
base, a relatively unfamiliar territory for most engineer
ing students. 

Foundation 

The above bird's-eye view of what is ahead prepares the 
students for appreciating the lengthy introductions to the 
background materials on physicochemical and hydrody
namic interactions and stochastic dynamic systems· that 
follow. Despite the fact that usually few students have had 
any prior exposure to electrokinetic phenomena and related 
subjects, these and the hydrodynamics present little prob
lem as the physical and mathematical concepts relevant 
here a.re fundamental to the general structure of chemical 
engineering programs currently in vogue. On the other 
hand, the background material on random processes and 
the attendant mathematical operations require some care. 
While the information gained in previous i;;ections (such as 
electrokinetic interaction potentials and hydrodynamic 

. . . the course is based on the premise that a sound base in the mechanics and electrokinetics 
of the dispersed phase is essential for an understanding of the macroscopically apparent 

behavior of such disperse systems. In handling or processing colloidal or macromolecular systems, 
one observes, through appropriate instrumentation or by other means, primarily the macroscopic behavior 

of the system, viz., the concentration gradients, velocity gradients, stress, and the like 
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TABLE 1 
Contents 

PART 1. INTRODUCTION 

Section 1. The World of Neglected Dimensions 
Definitions and examples of colloidal and macromolecular 
dispersions; 
Definition of length scales and time scales; 
Definitions of the terminology and brief overview of course 
structure. 

PART II. FOUNDATION 

Section 2. Physicochemical Interactions 
London-van der Waals Forces Between Disperse Particles: 
Forces between atoms and molecules; Forces between 
macroscopic particles; London-Hamaker theory; Effect of 
suspending medium on the dispersion energy; Effect of a 
homogeneous adsorption layer on the dispersion energy; 
Effect of electromagnetic retardation; Measurement of the 
London-van der Waals force and the Hamaker constant; 
Lipshitz theory and microscopic theory for Hamaker con
stants; Tables of Hamaker constants. 

Electrostatic Forces Between Disperse Particles: 
Origin and natme of surface charges; Electrical double 
layer and its historical development; Capacitor model of 
the double layer; Debye-Huckel approximation; Gouy
Chapman theory; Corrections for specific adsorption-the 
Stern theory; Overlapping double layers and interparticle 
repulsion; Deryaguin-Landau-Verwey-Overbeek theory
for sphere-plane systems and for spherical particles. 

Electrophoresis and Other Electrokinetic Phenomena: 
Electrophoresis, electro-osmosis, streaming potential; Ex
perimental aspects and applications. 

Section 3. Hydrodynamic Interactions 
Basic Equations for Creeping Flow and Some General 
Solutions: 
Axisymmetric flow; Stream function; Properties of stream 
functions; Boundary conditions satisfied by the stream 
function; Flow past spheres, cylinders, oblate spheroids, 
prolate spheroids, circular disks, and elongated rods. 

Motion of a Rigid Particle in an Unbounded Liquid: 
Translation; Rotation; Combined translation and rotation; 
Resistance to motion; Forces and torques; Settling of 
spherically isotropic and orthotropic bodies. 

Interaction Between Particles: 
Between spheres falling along their line of centers; Multi
ple spheres; Spheroids. 

Motion of Single Particles in Confined Regions: 
Sphere moving in a cylinder; Sphere moving in the pres
ence of a planar wall; Spheroid in a cylinder and in the 
presence of a plane wall; Unsteady motion of a sphere near 
a plane wall. 

Particle Cl uster11: 
Flow relative to dilute systems-with and without first 
order interaction; Viscosity of such systems; Concentrated 
suspensions; Packed beds and porous media models. 

Section 4. Dynamic at the Microscale 
Physical Nature of Motion at the Microscale: 

Introduction to origin and nature of random fluctuations 
and the tools necessary for examining them. 

Fundamentals of Probability Theory: 
Events, random variables, density functions, distribution 
functions; Integrating theory, expectation, convergence 
concepts; Products of probability spaces, independence, 
limit theorems; Conditional expectations and conditional 
probabilities; Random processes. 

Fundamentals of Stochastic Processes: 
Markov processes; Transition probabilities, the Chapman
Kolmogorov equation; White noise, Wiener process, de
rivatives and transformations of stochastic processes; Dif
fusion processes, Kolmogorov backward and forward 
equations. 

Stochastic Differential and Integral Systems: 
Stochastic differentials and integrals; Convergence; Ito 
differential and integral; Solutions as Markov processes 
and as diffusion processes. 
Conceptual Difficulties in Stochastic Modeling and Ap
proximation: 

Convergence of a non-Markovian noise to a Morkov proc
ess; Stratonovich integral and differential, their relation 
to the Ito systems; Wong-Zakai processes. 

PART III. EVOLUTION OF MICROSTRUCTURE 

Section 5. Phenomenological or Direct Continuum Formula
tion 
Evolution of Probability Distribution for unsteady-state 
one-dimensional case: 
Einstein's derivation; Mobility; Thermodynamic force; 
Smoluchowski's extension. 

General Treatment and Liouville Equation: 
Introduction to µ-space and f-space; Hamiltonian; En
sembles; Derivation of Liouville equation; Poisson bracket. 

Section 6. Microdynamical Formulation 
One-Dimensional Linear Processes: 
One-dimensional Langevin equation and its solution; Defi
nitions of drift and diffusion coefficients; Ensemble av
erages and transformation to Fokker-Planck equation; 
Generalization by Uhlenbeck and Ornstein; Definition of 
time scales; Brownian motion with inertia; Phase-space 
Fokker-Planck Equation. 

General Non-Linear Processes: 
Non-linear white-noise-driven processes; Ito differential 
systems; Ito and Stratonovich calculus; Transformation 
to Fokker-Planck-Kolmogorov equation; Drift coefficients 
and diffusion coefficients; Extension to Phase-space Fokker
Planck-Kolmogorov equation; Relation to Liouville Equa
tion. 

PART IV. EMERGENC.E OF MACROSTRUCTURE 

Section 7. Applications 
Definition and Examples of Macrostructure. 
Specific Applications: 
Stability of colloidal systems; derivation of rate constants; 
general population balances; Concentration-dependent dif
fusion coefficient; possible models; Models of Polymeric 
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Liquids; Ultrafiltration and Membrane Phenomena; Chro
matographic Separations; Adsorption/ Desorption in Col
loidal Systems; Surface Diffusion. 

drags and torques) is required primarily for setting up the 
equations of motion, the procedures presented in Section 4 
are needed for both formulation and analysis of the equa
tions. Consequently, simple examples (such as random walk 
problems or simpler versions of Langevin equations) from 
the general treatment that will follow in Part III are often 
helpful and serve to maintain the continuity of the subject 
matter. 

Graduate education extends far 
beyond the confines of the classroom, and 
that is particularly true in a course of this type. 
Firstly, there are no standard textbooks although a 
substantial portion of the material can 
be found in related books, monographs, 
and technical articles. 

Microstructure 

Having established the required fundamentals, one is 
now ready to develop the framework for describing the 
evolution of microstructure, viz., temporal changes in the 
distributions of the configurations and momenta of the 
particles. Two approaches are possible, each with its own 
advantages and disadvantages, but both are necessary. The 
first of these, which I shall call "the phenomenological 
formulation" (over the objections of MacDonald [4])*, 
relies on certain assumptions regarding the form of the 
constitutive equations, such as the Fickian form of the 
diffusive flux, and leads to the traditional derivation of the 
Liouville equation of statistical mechanics. This is intro
duced first despite its weaknesses, since this development 
is merely a generalization of the familiar "continuity" and 
"diffusion" equations. Moreover, when the more appropri
ate dynamical systems are introduced later and resources 
for in-depth analyses are at hand one can go back and re
solve the questions regarding the accuracy of the assumed 
forms of constitutive equations and demonstrate the dis
tinct advantage of the latter formulation. Einstein's [2] or 
Smoluchowski's . [6] derivation of the familiar diffusion 
equation (along with the associated concept of "thermody
namic force") serves as a good starting point here before 
the more general phase-space Liouville equation is intro
duced. 

The second of the two approaches, which I shall call 
"the microdynamical formulation", is the more funda-

*Phenomenological in the sense that the formulation 
rests on perceived rules, whether such perception answers 
to reality or not. MacDonald prefers phenomenal, whose 
other (and more common) usage, in the sense of remark
able, extraordinary, or prodigious, 'is a sin against the 
English language', according to Fowler (3), although as he 
reluctantly concedes 'the consequences seem to be irremedi
able'! 
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mental of the two and is based on a generalized Langevin 
equation for the macromolecular motions. Since the previ
ous section began with the simpler diffusion equation, it is 
probably advisable to start this section with its micro
dynamical analogue due to Langevin and Uhlenbeck and 
Ornstein [8} Aside from providing a logical transition, this 
choice is particularly helpful in defining the relevant time 
scales. One can now proceed to show the difficulties asso
ciated with the formulation of the constitutive equation 
for the diffusion of probability using the one-dimensional 
Stratonovich equation (see Rajagopalan [6]). These also 
show, through simple and familiar examples·, how the ex
act forms of drift and diffusion coefficients follow in a 
straightforward manner from the underlying equations of 
motion. The generalization of the above results to the 
phase-space formulation of the Fokker-Planck-Kolmogorov 
equation now follows simply, and its relation to the Liou
ville equation is evident. 

Macrostructure 

The final part, on the structure resolvable at the usual 
temporal and spatial scales, forms the heart of the course. 
General and specific examples are discussed here, and the 
students are encouraged to do further work on some specific 
problems. For convenience, I have divided the applications 
discussed here into two rough categories, under properties 
and processes. The applications concerned with deriving 
macroscopically observed properties of the system through 
an examination of the microstructural details are grouped 
under "properties". These may include the colloidal stabil
ity problems, where the macroscopically observed kinetics 
and the required kinetic rate expressions for population 
balances depend on microdynamical formulations, or prob
lems concerned with the derivation of the constituti\re 
relations for transport processes in dispersions and 
macromolecular solutions. The latter group of applications 
includes the important class of bulk rheological phe
nomena-a source of many good problems and examples 
(1]. The second group of applications, under "processes", 
forms a somewhat artificial classification and is motivated 
by pedagogical reasons. The primary goal here is to em
phasize those examples where the behavior of the sols or 
solutions in the presence of some extraneous "objects" is 
of interest. For instance, these may include ultrafiltration 
or membrane phenomena, adsorption/desorption problems, 

The objective of the 
course, then, is to expose the 

student to the microstructure of the 
dispersion, its electrokinetics, dynamics at 

the microscale and how these combine 
to project the general features that 

manifest at the microscale. 

some of the newer chromatographic separations, or surface 
rheological · problems. The difference between the former 
group of applications (properties) and the latter is that in 
the former one is essentially interested in phenomena 
intrinsic to the liquid (e.g., suspension rheology), whereas 
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in the latter the behavior is dependent on the nature of the 
extraneous object or is induced by it (e.g., diffusion through 
a membrane). 

OTHER REMARKS 

GRADUATE EDUCATION EXTENDS far be
yond the confines of the classroom, and that is 

particularly true in a course of this type. Firstly, 
there are no standard textbooks although a sub
stantial portion of the material can be found in 
related books, monographs, and technical articles. 
(A list of some useful references can be obtained 
from me.) In addition, considerable amount of in
dependent work and self-study is essential to keep 
abreast of the lecture material, and this can be en
couraged through appropriate exercises and term
paper assignments (usually critiques of recent 
technical articles)-a not-uncommon practice in 
graduate-level courses. A few prerequisites, such 
as first-level courses in real analysis and probabil
ity theory, are desirable especially since a student 
unfamiliar with the mathematical notions and 
terminology is usually overwhelmed by the ana
lytical techniques. Needless to say, while tech
niques should be available at command, they 
should never take precedence over the concepts. 

REACTOR DESIGN: Perlmutter 
Continued from page 171 

Galerkin's method and collocation techniques are 
introduced as a means of reducing partial differ
ential equations to sets of simultaneous ordinary 
differential equations. The latter lead smoothly to 
the earlier lumped stability techniques, and make 
available the wide range of prior methods in the 
treatment of distributed systems. 

It is pointed out that this approach can also be 
used to compute complete numerical solutions to 
the same equations, if they are needed in addition 
to the stability finding. 
' Yet another demonstration of the use of stabil

ity analysis as a unifying theme may be found in 
Figure 5, where results are presented for a tub
ular reactor with axial dispersion (TRAM). Here 
again, one can detect regions of multiplicity and 
instability introduced by the backmixing effect. 
If the specific parameter values are chosen differ
ently-, this pattern of behavior can be modified to 
approach either the CSTR or PFTR results as the 
dispersive effect grows or diminishes with respect 
to the other parameters. When a recycle stream is 
added to the TRAM system, it serves to reinforce 

1J6. 

Finally, it is not the intention of the course to 
create, in the words of Bertrand Russell, an 
ordered cosmos where pure thought can dwell 
remote from human passions and remote from the 
pitiful facts of nature. The intention certainly is 
not the latter, and in fact I feel that the "pitiful 
facts of nature" demand approaches of this type. 
And, more importantly, a . prime objective of the 
course is to emphasize not the special nature of the 
subject matter but the synthesis of a set of diversi
fied, yet structurally similar, classes of problems 
and the need and the benefits of such a synthesis. 
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the backmixing that arises from the action of 
dispersive flow, and the overall effect shows a 
great resemblance to the CSTR result. Such op
erating curves are presented in Figure 6 for a 
typical set of parameters. • 
NOMENCLATURE 

C = reactant concentration 
C0 = reactant concentration in reactor feed 
~ .=. reactant concentration in reactor effluent 
CF = reactant concentration in make-up feed 
CP == heat capacity 
D = dispersion coefficient 
f = fraction recycled 
h = heat transfer coefficient for PFTR 
~H = heat of reaction 
k = kinetic rate constant 
K = kinetic rate constant 
L = reactor length 
q = volumetric flow rate 
R = reaction rate 
TF = temperature of make-up feed 
T0 = temperature of reactor feed 
u = linear flow rate 
U = overall heat transfer coefficient for CSTR 
a = thermal dispersion coefficient 
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How to outsmart 
your identity crisis 

It's a rare college graduate that hasn 't had some long 
nights of doubt. 

Counsellors counsel and advisors advise, but you still 
wonder if you 're making the right decisions about 
your career. 

Frankly, we at Atlantic Richfield are not sure anyone 
can make right decisions about a career before the 
career is under way. 

That's why we never try to pigeonhole a new employee. 

With a strong base in domestic crude oil and natural 
gas, Atlantic Richfield is active in all phases of the 
petroleum energy business. In addition, 
we are a growing .manufacturer and 
marketer of petrochemicals, and have 

We think it's a good idea for both of us to have your 
career options kept as wide open as possible. That's 
why we've created a vigorous internal job placement 
system called APS. It's a formalized publishing 
system that informs you, weekly, of professional 
openings throughout the company. In the last year 
669 positions up through middle management 
ranks have been advert ised via this program. We 
think that's good career management for you, and 
good business for us. You keep from getting 
job-bound, and we profit by keeping your 
morale high and motivation strong . 

Typically, we have openings for chemical , mechanical, mining 
and petroleum engineers, accountants, financial and operations 
research analysts, auditors, geologists, geophysicists and 
programmers/analysts. If you have expertise in one of these 
areas, see your Placement Office, or write to: 
Mr. J. Ashley, College Relations and Recruitment, 
Atlantic Richfield Company, Rm. 531, 
515 S. Flower Street, 
Los Angeles, CA 90071. 

AtlanticRichfieldCompany <> 
Atlantic Richfield is a practicing equal opportunity employer. 
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COAL SCIENCE AND TECHNOLOGY 

T. D. WHEELOCK 
Iowa State University 
Ames, Iowa 50011 

WITH AN INCREASING public awareness of 
the important role coal will play in our future, 

it is not surprising that a new graduate course in 
Coal Science and Technology attracted a number 
of students when offered recently by the ChE De
partment of Iowa State University. The course 
was taught on an experimental basis during the 
winters of 197 4 and 1976 and (Was presented on a 
regular basis during the winter of 1978. It ha,s 
attracted from 8 to 22 students each time offered 
with the largest number enrolling most recently. 
Although on the average 40 % of the enrollees have 
been ChE graduate students, about one-fourth 
have been graduate students in other engineering 
and science disciplines and about one-third ad
vanced undergraduates, mainly ChE's. Enrollment 
has been limited to science and· engineering istu
dents who have taken courses in organic and phys
ical chemistry as well as general chemistry. 

The developers of the course are Professors 
Allen Pulsifer and Thomas Wheelock. Both have 
been involved in coal research for a number of 
years and therefore have become familiar with 
the general field of coal science and technology. In 
addition, they are fortunate in being able to call 
on other members of the Iowa State faculty and 
the technical staff 'of the Ames Laboratory for 
lectures dealing with certain specialized areas. 
Because of the Iowa Coal Research Project which 
was funded by a special appropriation of the State 
Legislature in 197 4 and other coal research sup
ported by the federal Department of Energy, a 
large reservoir of, expertise has built up within 
the University' community to deal with the prob
lems of producing, transporting, and utilizing coal. 
This reservoir of knowledge is readily available 
for use in the course. 

The purpose of the new course is to introduce 
graduate students and advanced undergraduates 
to the general field of coal science and technology 
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T. D. Wheelock is a Professor of ChE at Iowa State University. He 
received his BS and Ph.D._ from Iowa State. His principal research in
terests are the investigation of fluidized bed reactors, the application 
of these reactors to various chemical treatment processes such as 
coal gasification and mineral reduction, and the study of various 
processes for removing sulfur from coal. He has had wide professional 
and consulting experience, and is the author of over 20 publications 
dealing with the development of fluidized bed reactors and processes 
based on these reactors. 

so that they will become familiar with the nature 
and occurrence of coal, its principal chemical and 
physical characteristics, methods of cleaning and 
preparing .coal, and processes for converting it 
into clean solid, liquid and gaseous fuels as well as 
coke. To achieve this purpose the one term course 
is presented as a series of seventeen 90 minute 
lectures (Table 1) and a tour of the Iowa State 
University coal preparation plant (Figure 1). 
Collateral reading is assigned as well as a term 
paper. Since a suitable textbook is not available, 
specific sections of certain reference books (Table 
2) and a number of current technical papers are 
assigned. Many of the papers have been authored 
by the course lecturers. In addition, two movies 
have been shown. One of these, "An American As
set", is available from the National Coal Associa
tion in' Washington, D.C., and 1>rovides a good 
introduction to the subject because it touches on 
almost every aspect of modern coal mining and 
utilization. The other film, "The Last Pony Mine", 
is available from the Iowa State University Film 
Production Unit and provides a historical per
spective since it shows how coal was 'once mined 
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by hand and transported by pony cart. Although 
it does not describe current technology, it is a 
masterpiece which creates great interest among 
its viewers whether experienced with coal mining 
or not. 

LECTURE TOPICS 

THE SERIES OF LECTURE topics is flexible 
and has varied somewhat each time the course 

has been offered. The most recent series (Table 1) 
included several lectures at the beginning of the 
course which dealt with the basic properties and 
characteristics of different types of coal and the 
genesis, nature, and extent of major coal deposits 
so that the :student would gain an 'appreciation of 
the properties of the material and its availability. 
These lectur,es were followed by a lecture on min
ing, not only to acquaint the student with how coal 
is produced but also to show how the methods of 
production affect the properties of the material 
such as size distribution and degree of contamina
tion with foreign matter. Two lectures on coal 
preparation were presented next to show how coal 
is presently prepared 'and cleaned for use in com
bustion and coking. The operating principles, 
characteristics and limitations of various particle 
separation methods used for cleaning coal were 
discussed and current research and development 
in this area of technology was reviewed. Following 
these lectures, the class was given a· tour of the 
coal preparation plant which is located on the 
campus of Iowa State University (Figure 1). 

TABLE 1. 
Winter 1978 lecture topics in Coal Science 

and Technology. 

TOPIC & PERIODS 

Introduction 
Geology of coal 
Microstructure 
Petrography 
Analytical Chemistry 
Surface mining 
Preparation and cleaning 
Plant tour 

Chem. desulfurization 
Chem. and phys. structure 
Carbonization and coking 
Gasification 
Chem. of liquefaction 
Liquefaction technology 
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LECTURER & 
DEPARTMENT 

Wheelock, Chem. Engr. 
Lemish, Earth Sci. 
Greer, Engr. Sci. 
Biggs, Earth Sci. 
Bachman, Ames Lab 
Anderson, Ag. Engr. 
Wheelock, Chem. Engr. 
Grieve& 

Birlingmair, Ames Lab 
Wheelock, Chem. Engr. 
Markuszewski, Ames Lab 
Pulsifer, Chem. Engr. 
Pulsifer, Chem. Engr. 
Markuszewski, Ames Lab 
Wheelock, Chem. Engr. 

The purpose of the new course is to 
introduce graduate students and advanced 

undergraduates to the general field of coal science 
and technology so that they will become familiar with 

the nature and occurrence of coal, its principal chemical 
and physical characteristics, methods of cleaning and 

preparing coal, and processes for converting it into 
clean solid, liquid and gaseous fuels as well as coke. 

Subsequent lectures dealt with the chemical struc
ture of coal, important chemical reactions of coal, 
and industrial processes for desulfurizing, coking, 
gasifying and liquefying coal. In addition to re
viewing state of the art technology, attention was 
given to new processes under development as well 
as the chemical reaction kinetics and thermody
namic principles underlying these processes. In a 
course of this type other topics could also be cov
ered, such as coal combustion or coal storage and 
transportation or environmental regulations. 

The University's coal preparation plant pro
vides a unique backdrop for the course. The prep
aration plant can process up to 70 ton/ hr. of coal 
and is equipped for crushing, sizing, and heavy 
media separation. It is also equipped with a 
Deister table for cleaning smaller-size coal. Equip
ment is being installed for demonstrating the 
cleaning of fine-size and ultra-fine size coal by 
hydroclones, froth flotation and selective oil ag
glomeration. Since the latter will demonstrate new 
technical features developed at the University, it 
will be possible to show future classes how a 
process is scaled up from lab bench to pilot plant. 

TERM PAPERS 

THE TERM PAPER, which is an important 
part of the course, is designed to familiarize 

the student with some aspect of coal research and 
its associated literature. Although a number of 
topics are suggested to the class, each student is 
free to choose his own topic and students are en
couraged not to select identical topics. Each topic 
should deal with an important question or problem 
in the area of coal science, utilization, or conver
sion. Ideally, the paper should define the problem, 
present a careful analysis of it, describe and evalu
ate alternate ways of solving it, indicate how 
others may be trying to solve the problem, and 
make recommendations. The following is an ex
ample of a topic which might be the subject of a 
term paper: 
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TABLE 2. 
Book list for the course in Coal Science 

and Technology. 

Casidy, S. M., (ed.), "Elements· of Practical Coal Mining," 
Coal Division of SME-AIME, New York, 1973. 

Leonard, J. W., and tD. R. Mitchell, (eds.), "Coal Prepara
tion," AIME, ;New York, 1968. 

Lowry, H. H., (ed.), "Chemistry of Coal Utilization," Sup
plementary Vol., Wiley, New York, 1963. 

Meyers, R. A., "Coal Desulfurization," Dekker, New York, 
1977. 

Van Krevelen, D. W., "Coal," Elsevier, New York, 1961. 
Wheelock, T. D., (ed.), "Coal Desulfurization, Chemical and 

Physical Methods," ACS Symp. Series 64, Washington, 
D.C., 1977. 

• Determine the suitability of Iowa bituminous coal for 
various types of industrial gasification processes. 

• What are the properties of Iowa coal and its occurrence 
which may either limit or promote its utilization for 
gasification? 

• Considering the different characteristics of various gasi
fication processes, which process may utilize Iowa coal 
most effectively? 

Needless to say, a topic such as this requires a 
student to become quite familiar with the nature 
of Iowa coal and the character and size of the Iowa 
coal deposits. He should consider whether there is 
enough coal to support a major gasification plant 
or only a few, small, scattered plants and whether 
the coal can be gasified efficiently and econom
ically. He should also become familiar with the 
various types of gasification processes to see 
which can best match the characteristics of Iowa 
coal and other local or regional conditions. In
formation has to be gleaned from technical jour
nals, government reports, and other sources. But 
most importantly the student has to analyze the 
situation, make judgements and synthesize a 
solution on the basis of incomplete technical in
formation. 

For the overall course the students are graded 
on the basis of two written exams and the term 
paper. The exams are given at midterm and at the 
end of the course. They consist mainly of essay 
questions and some objective type questions. 

STUDENT POLL 

SEVERAL WEEKS AFTER the last offering 
of the course, the students were polled to de

termine their reaction to the course and to see 
what suggestions they might have for improve
ment. A formal questionnaire was sent to each 
student who responded voluntarily and anony
mously. Among the 22 students who were polled, 

180 

15 or 68 % returned the completed questionnaire. 
All of the respondents considered the material 
presented in the course to be relevant; 93 % con
sidered the information presented to be valuable 
and the time spent beneficial. Only three indicated 
that they would not have taken the course if they 
had known what they were getting into. On a 
scale of poor to excellent, 47 % rated the course as 

FIGURE 1. The Iowa State University coal' preparation 
plant provides an interesting backdrop for the course in 

Coal Science and Technology. 

average, 40 % as good, and 13 % as excellent. All 
but one of the respondents regarded the tour of 
the University coal preparation plant as worth
while and most thought that the two motion pic
ture :films made a valuable contribution. Some 70% 
of the respondents thought the reading assign
ments were "dull but informative", but about right 
in length. Somewhat more than half thought the 
course would have been better with fewer outside 
lecturers. About a :fifth of the respondents indi
cated learning a lot about coal through working 
on their term paper while the rest indicated learn
ing a moderate amount and none reported learning 
very little. 

In the future the course will probably be of
fered every other year unless increasing demand 
causes it to be offered more frequently. Since the 
:field of coal science and technology is developing 
and changing rapidly, the course must also evolve 
and change. But keeping up with these changes 
and new technical developments provides chal
lenge and inspiration to the student and teacher 
alike. • 
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AT PPG, 
CHEMICAL ENGINEERS 

AREA 
CRITICAL RESOURCE 

Since before the turn of the century, PPG Industries has 
recognized the value of chemical engineers. That's how 
long we've been in the chemical business. 
Our Chemical Group and our Coatings & Resins Divi
sion, in particular, rely heavily on chemical engineers to 
develop, produce, market and manage the high tech
nology products for which PPG Industries has become 
justly famous. And you'll find these chemical engineers 
at all levels - from the recent graduate to highest 
corporate management. 
PPG also is a leader in the production of flat glass and 
fiber glass. We operate a total of 72 manufacturing 
locations around the world, 43 of them in the United 
States. 
If you would like to know more about PPG Industries, 
you may receive a copy of our Career Opportunities 
brochure by writing to: Joseph Schewe, Manager, Pro
fessional Employment, PPG Industries, One Gateway 
Center, Pittsburgh, Pennsylvani"a 15222. · 

PPG: a Concern for the Future 

~ . 

INDUSTRIES 
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TRANSPORT PHENOMENA IN MULTICOMPONENT I 
MUL Tl PHASE, REACTING SYSTEMS 

R. G. CARBONELL and S. WHITAKER 
U.C.Davis 
Davis, California 95616 

MOST OF THE SYSTEMS that are of interest 
to chemical engineers involve two or more 

phases, several chemical components, and a strong 
coupling between heat, mass and momentum trans
port. A cursory examination of the classical re
actor design and mass transfer operations en
countered in ChE suggests that the course title 
listed above would encompass a major segment of 
all ChE processes. A quick survey of the currently 
available texts designed for the training of gradu
ate students in ChE reveals the need for a rigorous 
treatment of multicomponent, multiphase systems. 

With the exception of the excellent text by 
Slattery (1972), the method of volume averaging 
as a rational route to the transport equations for 
multiphase systems is generally ignored. Although 
the method is little more than a decade old 
[Whitaker (1967), Slattery (1967) ], we are rap
idly approaching the point where the formalism is 
sufficiently well understood so that it is suitable 
for incorporation into our graduate courses. Under 
the circumstances, we believe that the general 
knowledge now available under the heading of 
"transport phenomena" is ready to be extended to 
include a rational treatment of multiphase sys
tems. 

One of the major strengths of the graduate 
program in ChE at U.C. Davis is a series of core 
courses available to the graduate students in 
fluid mechanics, heat transfer, mass transfer and 
chemical reactor design. These courses are taught 
at a level consistent with texts by Aris (1962), 
Whitaker (1968, 1977a), Bird, Stewart and Light
foot (1960) and Smith (1970). These courses pro
vide a sound introduction to the laws of con
tinuum physics for single component systems and 
deal with a variety of multiphase systems via 
simplified models. To supplement and consolidate 
this material, a course was instituted that would 
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concentrate on a rigorous development of the 
multicomponent transport equations, boundary 
conditions at phase interfaces, and volume-av
eraged transport equations for multiphase react
ing systems. The lecture notes represent the 
origins of a graduate level text in chemical reactor 
design. 

Reactor design texts uniformly assume a level 
of sophistication below that of Bird, Stewart and 
Lightfoot (1960) and have paid no heed to the 
method of volume averaging given by Slattery 
(1972). While these developments are perhaps 
recent by engineering time scales, the subject of 
fluid mechanics is ancient by comparison (Trues
dell, 1968) and its incorporation into our studies 
of reactor design is long overdue. 

Reactor design is the one area that is purely 
the province of the ChE, and it is the most ap
propriate vehicle for describing the intricacies of 
the coupling of momentum, heat and mass trans
port for multicomponent multiphase systems. It 
is not unusual to find reactor design texts (Smith, 
1970; Carberry, 1976; Aris, 1969) that do not 
mention the governing differential equations for 
conservation of a given species, or the momentum 
and thermal energy equation for multicomponent 
systems, even though these equations govern all 
transport processes in chemical reactors. The de
velopment of appropriate governing differential 
equations (via volume averaging) for transport 
in multiphase systems (chemical reactors) is not 
included. This is probably the major failure of 
such texts. The normal procedure is to assume in 
an ad-hoc fashion that the form of the transport 
equations and fluxes in multiphase systems are the 

It is not unusual to find reactor design texts 
... that do not mention the governing differential 

equations for conservation of a certain species, 
or the momentum and thermal energy equation for 

multicomponent systems, even though these equations 
govern all transport processes in chemical reactors. 
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same as those for a homogeneous fluid but with 
appropriate empirical parameters. The dependence 
of these parameters on the structure of the porous 
media and the physical properties of the com
ponents and the chemical reaction rate is left un
explored. 

A good example of this approach is the govern
ing equation usually proposed to describe diffusion 
and chemical reaction within a catalyst pellet. The 
catalyst pellet is treated as a homogeneous me
dium, and diffusion in such pellets is assumed to 
be governed by means of flux expression analogous 
to Fick's Law of Diffusion with an effective intra
particle diffusivity. However, using volume-av
eraging techniques, it is possible to obtain differ
ential equations for diffusion in a porous media 
and a mathematical description of the dependence 
of the intraparticle diffusivity on system param
eters. One advantage of such an approach is that 
it allows for a more thorough investigation of the 
assumptions normally made regarding the magni
tude of terms in the governing differential equa
tion. Furthermore, an accurate mathematical de
scription of transport parameters in multiphase 
systems allows for the development of a more 
rational experimental program aimed at unravel
ing the magnitude of different contributions to 
the transport parameters. Finally, this type of 
analysis provides the student with a more rigorous 
framework to carry on further studies and helps 
to place in perspective within the student's mind 
the interrelations between transport processes in 
a homogeneous fluid and in a porous media. 

In the paragraphs that follow, we outline the 
content of this course and the way in which the 
material is presented. We feel this provides a more 
rational approach to the training of graduate 
students in chemical engineering. 

AXIOMS FOR SPECIES BODIES 

THE FIRST THIRD OF the course is always 
devoted to the essential theoretical elements of 

transport in multiphase systems. The presentation 
is based on the continuum point of view, thus the 
laws of physics for multicomponent systems are 
the first order of business. Here we follow the 
approach of Truesdell and Toupin (1960) and 
introduce the concept of a species body. The 
kinematics, ie., time derivatives of point functions 
and volume integrals, of species bodies are car
ried over from previous studies of single com
ponent systems. The general balance equation for 
single component systems 
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gt f tfidV = f eudA + f o-dV (1) 

Vm(t) Am(t) Vm(t) 

is easily extended to the species body and the 
axioms for mass are stated as 
I. The mass postulate for the A th species 

gt f pAdV = f rAdV (2) 

VA(t) VA(t) 

II. Conservation of total mass owing to chemical 
reaction 

(3) 

Equation 2 quickly leads us to the species contin-
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uity equation in terms of the species density and 
mass average velocity, 

¾ .... + V·(pAv) = -V•jA + rA (4) 

or in terms of the concentration and the molar av
erage velocity 

~~A + V·(cAv*) = -V·JA + RA (5) 

The latter form is, of course, pref erred by chem
ical engineers because kinetic constitutive equa
tions and phase equalibrium relations are most 
conveniently stated in terms of molar quantities. 

· · The presence of the mass average velocity in 
Eq. 4 and the molar average velocity in Eq. 5 
naturally raises questions about the determination 
of these velocities by means of the laws of mechan
ics. At this point the revised linear and angular 
momentum postulates are introduced and the de
rived species equations are summed to obtain 

Dv 
P Dt = pb + V·,! (6) 

(7) 

Here the stress tensor consists of the sum of par
tial stresses and species diffusive stresses. It is 
consistent with the kinetic theory of dilute gases 
to represent T in terms of the rate of strain 
tensor; however, the idea of equipresence (Trues
dell and Noll, 1965) is envoked in order to keep 
the door open for more general constitutive equa
tions. 

· The pattern of analysis is now established and 
the revised energy axioms are presented for a 
species body. The development is restricted to 
what Bataille and Kestin (1977) refer to as 
''strongly interacting mixtures", and the thermal 
energy equation for the mixture is obtained by 
summing the individual species equations leading 
to 

Vv: 7 + <fl + \ diff~si_ve t~rms of l (8) _ I negligible importance ) 

where e is the internal energy of the mixture de
fined in the usual manner. The result is also pre
sented in terms of the enthalpy for later use in 
constructing boundary conditions at phase inter
faces, and in terms of the temperature. The latter 
form is, of course, useful for solving energy trans-
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.... using volume averaging techniques, 
it is possible to obtain differential equations for 
diffusion in a porous media and a mathematical 

description of the dependence of the intraparticle 
diffusivity on system parameters. 

port problems and gives rise to the source term 
owing to chemical reaction. The diffusive terms in 
Eq. 8 consist of the diffusive kinetic energy, diffu
sive rates of working, etc., and order of magnitude 
analysis (Whitaker, 1977) can be used to estab
lish that these terms are negligible for practical 
cases. 

BOUNDARY CONDITIONS AT PHASE INTERFACES 

W ITH THE TRANSPORT equations for multi
component systems at our disposal, we are 

naturally led to consider the matter of boundary 
conditions at phase interfaces. Following a route 
similar to that proposed by Slattery (1972), we 
develop a general surface transport equation. In 
integral form this transport equation is repre
sented as 

gt f wdA + .f flds- f IdA = 

Aap (t) C Aap (t) 

f [lf,"(v "-w) -lf,"(vP-w)J•{apdA + f (w"-wP)dA 

Aap(t) Aap(t) (9) 

Here the upper case Greek letters denote the in
trinsic surface quantities associated with the lower 
case Greek letters in Eq. 1, the area Aap(t) repre
sents a material surface element, t «P represents the 
unit normal vector pointing from- the a-phase into 
the ,8-phase, and w represents the velocity of the 
interface. 

At this point in the course, special forms of 
Eq. 9 are considered, i.e., the surface element 
A «P ( t) is fixed in space, or the surface is flat, or all 
the terms on the left hand side are zero. These 
severe restrictions are necessary because the 
rigorous analysis leading to the surface transport 
equation (Aris, 1962), makes use of the surface 
divergence theorem and a general understanding 
of differential geometry (McConnell, 1957) . The 
subject is of considerable interest to chemical en
gineers (Rosner, 1976; Berg, 1970), but, as yet, a 
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simple route to the desired result has not yet been 
found. Both Professor Rosner at Yale and Pro
fessor Slattery at Northwestern are preparing 
monographs on this subject, and their works will 
certainly help us with the treatment of this aspect 
of multiphase transport phenomena. 

We avoid the vector form of Eq. 9 altogether, 
and consider only special cases associated with 
heat and mass transfer along with chemical re
action at the interface. While the attack here is 
obviously something less than what we would de
sire, it does allow us to point out just how it is 
that we go about constructing boundary condi
tions at phase interfaces, ie., we make specific 
statements about the left hand side of Eq. 9 based 
on experimental observations. For example, if we 
use the species form of Eq. 9 associated with the 
mass postulate given by Eq. 2 and make the state
ments 

t/JA = constant (surface concentration is 
constant) 

nA = 0 (follows from Eq. 2) 
t A = 0 (there is no surface reaction) 

(A) (A) 

Aap (t) = A ap (the A th species surface element 
is fixed in space) 

we find that Eq. 9 leads us to continuity of mass 
fiux expressed as 

a a IJ IJ 

PA(vrw)•gap = PA(vr w)·taP (10) 

This approach forces one to specifically identify 
the characteristics of the surface en route to Eq. 
10, as opposed to specifying continuity of mass 
flux with either vague or non-existent references 
to the properties of the surfaces. 

THE VOLUME AVERAGING THEOREM 

With the multicomponent transport equations 
and multiphase boundary conditions at our dis
posal, we can proceed to the study of transport 
phenomena in multiphase systems. Our prime 
mathematical tool here is the spatial averaging 
theorem [Slattery, 1967; Whitaker, 1967; Gray 
and Lee, 1977; Bachmat, 1972] which can be stated 
as 

<v't/Ja> = v'<t/Ja> + t f t/JaDapdA (11) 

Aap(t) 

for a two phase system. Here the angular brackets 
are used to denote the volume average which is 
given by 
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<t/la> = ~ f tfi«dV = ~ f .i/JadV (12) 

V V .. (t) 

where V represents the averaging volume 

(13) 

The second of Eqs. 12 is obtained because IP« is zero 
in the fi-phase. 

AREAS OF APPLICATION 

Armed with the governing differential equa
tions, a scheme for constructing boundary condi
tions and the volume averaging theorem, we are 
ready to explore a variety of phenomena. The 
choice here depends on the students and instructor.
On the Davis campus there is a large Water Sci
ence and Engineering group, and students from 
that discipline are interested in the theoretical 
underpinnings of d'Arcy's law (Gray and O'Neill, 
1976), dispersion in porous media (Whitaker, 
1967), and multiphase flow in porous media 
(Slattery, 1970). Chemical engineering students 
show an interest in these subjects provided one 
mentions oil reservoir calculations, tertiary oil re
covery processes and the moderate Reynolds num
ber flows that occur in packed bed reactors. Re
cent studies of trickle bed reactors (Herskowitz, 
Carbonell and Smith, 1978) indicate the im
portance of the hydrodynamics of two-phase flow 
in packed bed reactors and this subject can be 
attacked in a rational manner using the method 
of volume averaging, although the contact line 
phenomena escapes our understanding at the 
moment. The hydraulics of distillation trays and 
the mechanics of sediment transport are other 
subjects that can be profitably analyzed using the 
volume averaging method. 

For chemical engineering students, the prob
lems of heat and mass transfer in porous media 
hold the most interest. In particular, the unravel
ling of previous ad hoc developments of transport 
processes in catalyst pellets has considerable ap
peal and represents a challenging theoretical 
problem. If one avoids the problem of Knudsen 
and transition region diffusion and restricts one-

Chemical engineering students show an 
interest in these subjects provided one mentions oil 

reservoir calculations, tertiary oil recovery processes 
and the moderate Reynolds number flows that 

occur in packed bed reactors. 
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self to linear adsorption isotherms and linear, 
irreversible kinetics, one can volume average Eq. 
5 to obtain 

Ea ( 1 + ~~) a~;>a + V·[<cA>«<v*>] + 

V·<;A;*> = v•{EaDAV<cA>a-

~ f ~ADapdA }- avkK < cA>« (14) 

Aa/J 
Here we are confronted with two unknown param-

eters ~A;* and ~A for which we need constitutive 
equations. The route to be followed here has been 
hinted at in prior publications (Whitaker, 1967, 
1971, 1977b) but never fully exploited. Essentially, 
it represents the closure problem of turbulence 
(Launder, 1976) and requires that the transport 

equations for ;A and ;;* be derived. In the study 
of turbulence the closure is obtained by proposing 
constitutive equations for the higher order correla
tions in the Reynolds stress transport equations; 

however, this is impossible for the cA and cAv* 
transport equations because the geometric details 
of the porous media are unknown. Nevertheless, 

the transport equations for cA and cA v* can be 
used as a guide for the direct construction of con
stitutive equations required in Eq. 14. This type of 
approach leads to a transport equation for <cA>a 
of the form 

Ea ( 1 + Kav) a<cA>a + (< v> + 
Ea c)t 

A)•V<cA>« = V· i D : <v>< v>V<cA>a + 

K: <v><v>V<cA>« (avkK<cA>a)} + 

V· { EaDAV<cA>"-.EaDAB·V<cA>a ~-avkK<cA>a 

(15) 
Here the vector A and the second order tensor B 
are functions of the reaction rate parameter avkK 
thus suggesting that the effective diffusivity may 
depend on the reaction rate and that . the portion 
of the dispersive term which appears in the con,. 
vective transport term also depends on avkK. 

Equation 15 can be sinip_lified for a variety of 
special cases and compared to transport equations 
in current use. Use of this method allows us to 
clearly identify the origin of dispersion coefficients 
and effective diffusivities and to say something 
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about the dependence of these quantities on system 
parameters. It is important to notice that all the 
terms in Eq. 14 are precisely defined and thus 
susceptible to determination by the solution of 
boundary value problems for model porous media. 
Here we are thinking in terms of the work of 
Snyder and Stewart ( 1966), Sorensen and 
Stewart (1974), Payatakes et al, 1973, and forth
coming works by Brenner (1978) on both flow and 
mass transfer in spatially periodic porous media. 

Other topics of interest in the reactor design 
area that can be handled using the volume-averag
ing approach include: 

1. An analysis of flow distributions and flow 
instabilities in chemical reactors, in particular, 
trickle bed and fluidized bed reactors. 

2. Determination of effective thermal conduc
tivities for catalyst pellets and chemical reactors. 

3. Determination of dispersion coefficients for 
chemical reactors. These topics and many others 
can be handled at the discretion of the instructor. 

What we find most attractive about the ap
proach followed in this course is that it provides 
the student with a rigorous framework with which 
to carry on further studies, and puts in perspective 
the interrelation between transport processes in a 
single phase and the analogous processes in multi
phase systems. 
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BOOK REVIEW: Thermodynamics 
Continued from page 163 

features made the book a treat to review. On the 
other hand, the book has an unevenness about its 
presentation, in its continuity and its definition of 
some concepts. These shortcomings would make 
its use as an undergraduate text quite difficult; 
at the graduate level, a competent teacher would 
be required to aid the student in "reading between 
the lines" and filling in what this reviewer feels 
are gaps in the unified presentation of thermo
dynamics. There are very few problems to solve 
in the text except for the later chapters. The 
price of this book will probably discourage wide
spread course adoption as well. 
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In all fairness, however, the book is con
structed from the viewpoint of an eminent 
thermodynamicist and, in that context, will satisfy 
the scientist or engineer who has had some ex
perience or is presently working in the area of 
applied thermodynamics. Such an individual 
would find this book an enlightening refresher 
course on the fundamentals, with a broad enough 
selection of applications (presented in the form 
of examples) to satisfy most readers' particular 
interests. Those seriously interested in thermo
dynamics per se or the instruction of thermody
namics owe themselves more than a casual perusal 
of this book. 

Chapter 3 on pure phases is a strong chapter 
particularly in its discussion of equations-of-state. 
Unfortunately, such an area is constantly under
going change, and current workers will find the 
content somewhat outdated, a risk that every 
writer in this area runs. This chapter is preceded 
by thoughtful and challenging chapters on physics 
and the two laws of thermodynamics. This re
viewer was impressed by Chapters 5-7 on phase 
equilibria and solutions; the author employs a 
kind of "case method" in the sense of using 
examples prior to the complete statement of what 
concept he has in mind demonstrating. The 
examples are quite interesting and often probe 
deeper into certain well-known thermodynamic 
phenomena than one is accustomed in a text ( e.g., 
the inflection in the vapor pressure curve of a pure 
substance; the discussion of azeotropy; vapor
liquid criticality, although this topic is preceded 
by only a shallow attempt at explaining phase 
stability). Chapter 8 on electrolytes and Chapter 
10 on work modes other than those of compression 
or expansion (entitled "various phenomena") are 
unique in comparison with existing texts and 
quite well done. Chapter 9 on chemical reactions 
is basically a collection of examples of the author's 
choosing. 

This reviewer, although finding more than an 
occasional "gem" of insight in this book, had the 
feeling that the text was for the most part com
posed of material which significantly predates its 
publication date. The author appears influenced 
by the text of Lewis and Randall. The book lacks 
the "freshness" one finds in, e.g., the book by 
Modell and Reid, who are more successful in 
unifying the field of thermodynamics. Despite the 
shortcomings mentioned above, Redlich's book can 
reward the diligent reader with a sound perspec
tive of thermodynamics and its practice. • 
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ALL A CHEMICAL ENGINEER DOES IS WRITE 

M. E. LEESLEY and M. L. WILLIAMS, JR. 
University of Texas at Austin 
Austin, Texas 78712 

WE HAVE JUST STARTED teaching a course 
called "ChE 302: Introduction to Engineer

ing" in which we teach freshman ChE's something 
of what engineering is and try to instill in them 
the pride that engineers feel in carrying out their 
profession. In addition, we teach them to write 
FORTRAN and to appreciate the use of the com
puter as yet one more useful engineering tool. We 
also teach them to communicate, the subject of this 
article, by setting homework assignments on engi
neering topics discussed in class. For essay titles 
we choose such subjects as "The Role of Engineers 
in Society" and "The Scope of Chemical Engineer
ing." We also discuss their curriculum and then 
assign essays on each future class we discuss, such 
as "Unit Operations" or "Thermodynamics." 
Eight essays and three computer programs are the 
only set work; there are no tests and no final ex
amination. Thus, their final grades depend solely 
on their developing skills in written communica
tion and their acquired computer skills. 

The essays are graded by experts in composi
tion and technical writing from the English De
partment. Because of the guidance they receive 
from the engineering faculty in class, the feedback 
in their homework from the English Department 
graders, and the threat of reduction of their final 
grades, the students take more time with their 
written work and, hopefully, learn that it is just as 
easy to write well as it is to write poorly after a 
few fundamentals and a respect for the language 
have been learned. They leave the class able to 
produce work they are proud of and, ideally, with 
the ambition to continue to practise what they 
have learned. This is the story of how it came 
about. 

THE NEED TO WRITE WELL 

THE ChE FACULTY HAD NOTICED a gen
eral worsening of their students' written work 

and a lowering of standards. About two years ago, 
the point was reached when some corrective action 
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was necessary to improve performance and stand
ards. It was decided to modify the freshman engi
neering class (ChE 302) to improve communica
tion as an engineering skill. This should not have 
been necessary, and the faculty knew it. The stu
dents had already taken English in high school and 
had had some composition training at the Univer
sity, but they were not writing good English in 
technical reports in upper-division classes. Gram
mar, spelling, and style varied from mediocre to 
abysmal with few exceptions. Sentences were con
structed weakly and mechanically, without force, 
clarity, or variety, and in many cases, paragraphs 
were composed almost entirely of buzz words, 
jargon, and cliches. There was no individualism 
and little evidence of sincere interest in the lan
guage. 

And yet, any of the students, when asked, 
would reply that they were aware of the pride that 
exists among engineers. We would then point out 
the contradiction : "How can you speak of pride in 
engineering and yet put your names on such poor 
written work?" "That's different," they would 
answer, "writing is not engineering." 

We remind them of the old joke about how God 
was designing Man and the professions. A ware 
that future squabbles would exist between chem
ists and ChE's, He said to His typist, "All a chem
ical engineer does is right." Unfortunately, the 
typist mis-spelled the last word. It certainly is like 
that in ChE. In fact, we get quite good at writing. 
And when we do, we find that we enjoy it. 

In class, we tell the freshman that in their first 
few months of work they will spend about 30% of 
their time doing their engineering and 70% of 
their time writing about it. Soon the ratio will be 
20 % to 80 % and, thereafter, will slowly dwindle 
to O % to 100 % , except in exceptional circum-

We discovered that around half 
the class resisted the idea that clarity of 

communication was any more than a minor talent 
compared to the skills of engineering. 
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stances. They don't believe us of course; not at 
first anyway. 

One of them told of how he went home and, 
incredulously, repeated this story to his father. 
His father, a nationally-known ChE, said, reflec
tively, that it was true; furthermore, he said that 
the engineering content of what he wrote had also 
dwindled. It was perhaps when the class was 
startled into knowing that they are going to have 
to write often and well and that they might as well 
get used to it and make the best of it, that they 
settled down and began to take pride in their writ
ing. 

We tell them that the people who read their 
written work in the future will either want to or 
have to. In the first case, it is as well to keep the 
reader interested. In the second case, an interest
ing · message will be brought home far more 
strongly to those who are forced by whatever cir
cumsfances to read the letter, report, or article. 
We tell them that they have to give their reader 
staying power. They must quickly establish acer
tain ethical appeal that causes the reader to take 
both the author and his message seriously. They 
will accomplish this by logical thinking, careful 

FALL 1978 

planning, and the avoidance, by proofreading and 
revision, of careless errors in punctuation, gram
mar, and spelling which, if left in, may irritate the 
reader and take his attention away from the 
message. 

The students often ask for suggestions on how 
to capture and sustain the interest of the reader. 
We suggest that they read as much material as 
they possibly can and criticize as they read. It is 
unlikely that graceful and effective style will be 
recognized, if it has never been noticed or even 
read. 

We discovered that around half the class re
sisted the idea that clarity of communication was 
any more than a minor talent compared to the 
skills of engineering. They preferred to believe ' 
that the engineering aspects of a project far out
weighed its comprehensive documentation. Their 
stubbornness, at least in part, is because of their 
non-engineering viewpoint of what engineering is. 
Perhaps they imagine that engineering is making 
money out of applying to community problems the 
laws of nature and the laws of man, i.e., the codes 
of practice. Although this is not a complete defini
tion of engineering, let us look at it for a start. 

We remind them of the old joke about how God 
was designing Man and the professions. Aware that 

future squabbles would exist between ChE's, He said 
to His typist, "All a chemical engineer does is right." 

Unfortunately the typist mispelled the last word. 

In order for them to know all of these laws, 
they have to read about them, which means that 
someone has had to write them down with suf
ficient clarity and accuracy that they can be under
stood by others. Some of these laws are quite dif
ficult to understand. In ChE, there are concepts of 
incredible complexity. Therefore, the engineers 
that prepare our reference books and texts have to 
bestow upon their readers ample staying power or 
the desire and the ability to follow and to under
stand what is written. 

• We suggest to the students, as another learning 
device, that every time they encounter a difficult 
concept, ·it would improve their own writing and 
communication if they, after having finally 
grasped the concept, go back to the difficult pas
sage and decide how they would have written it in 
order to lead the reader more quickly to compre
hension. 

Of course, the application of laws is not the 
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We began to ask teachers at all levels what they felt about 
this problem. Every group of teachers wanted to blame the group of teachers 
immediately before them in the student's academic careers. The few kindergarten teachers with whom 
we spoke were convinced that television was the major problem. 

whole of an engineer's job. Also, of great im
portance are self-satisfaction, creativity and the 
ability to interact with others of varied talents 
and backgrounds. For every engineering problem 
there are an infinite number of situations. Hope
fully, the engineer's training and experience will 
lead him by instinct to pick out the best few for 
examination by himself and the other member~ of 
his team. Some of his ideas will be simple, some 
complex. In any event, he has to transplant these 
ideas into the heads of his colleagues using, to a 
large degree, reports and drawings. There is 
hardly an engineer alive who doesn't succumb at 
least occasionally to the spell of the drawing board. 
The fact that most engineers are fair draftsmen 
ensures their enjoyment and satisfaction when 
drawing and gives them pride in the finished 
drawing. 

On the other hand, most engineers are, at best, 
average writers. Perhaps this is why, often, the 
engineer feels little enjoyment, satisfaction, or 
pride in the finished pages. We wondered why this 
seemed, in the experience of one of the authors, to 
be worse in America than in Britain. We began to 
ask teachers at all levels what they felt about this 
problem. It was odd. Every group of teachers 
wanted to blame the group of teachers immedi
ately before them in the students' academic 
careers. It seemed that upstream teachers do not 
do their jobs properly. The few kindergarten 
teachers with whom we spoke were convinced that 
television was the major problem. 

A colleague on a year's sabbatical leave from 
Scotland, horrified at the low intellectual level of 
most American television, spent his visit without 
television. When he was about to go back to Scot
land, he remarked that he had decided not to buy 
one upon their return. Both his children had be
come avid readers and, consequently, their spell
ing, grammar, and general writing ability had 
improved immeasurably. The significance of tele
vision on educational development can be debated 
elsewhere, but what needs to be noted here is that 
everyone agreed that a problem exists. 

Most professors have their own horror story. 
Mine concerns a student who, having struggled 
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from spelling mistake, to misplaced comma, to 
verbless sentence for over four pages, managed, 
on the last page, to make a spelling mistake in 
every single line and in some more than one. I am 
certain that most students do not read their essays 
through after writing them. I deduced this once 
when a student laboriously printed out, capital 
letter after capital letter, a story in which he told 
me that "a professional engineer is one whose 
work comes under the pubic (sic) eye." 

Such writing just won't do. We have a need to 
express our ideas to each other as engineers and 
the better we can make our message understood, 
the quicker we can interact, cooperate, and finish 
the job. Bad grammar leads to incomprehensible 
sentences, misleading statements and, finally, to a 
reader sufficiently confused and irritated to lose 
the flow of the argument. Thus, no communication 
takes place. We must learn to improve our writing 
in order to, first, give our readers the staying 
power that is necessary if communication is to be 
possible. Second, we must adhere to principles of 
brevity and economy, that is, get our message 
down into as few words as possible without sacri
fice of meaning. Hopefully, a third benefit will be 
that we become good at doing this and, then, we 
will enjoy writing, be satisfied by it, and take pride 
in it, as we do our other engineering skills. Our 
initial task with ChE 302 was to determine how 
we could transfer this philosophy to the students 
and yet still meet the conventional objectives of 
the course. 

THE NEW COURSE FORMAT 

TRADITIONALLY, ENGINEERING depart-
ments at this University have a course called 

"Introduction to Engineering" which is used to 
teach freshmen the nature of their academic 
career in their chosen engineering discipline and, 
in some cases, to teach FORTRAN and familiarity 
with the university computer system. In ChE, it 
was decided to upgrade the course and, keeping the 
same general objectives, to include an emphasis on 
good written communication also. The course was 
firsttaught in this revised form in Fall 1976. 

The objectives of the expanded course are: to 

CHEMICAL ENGINEERING EDUCATION 



introduce freshmen to the idea that ChE is a pro
fession and to explain to them exactly what the 
profession involves; to give a brief description of 
the mainstream courses between ChE 302 and 
graduation in order that freshmen will have a 
basis upon which to affirm or reject ChE as their 
major at an early stage; to encourage the fresh
men to take an early pride in their written work; 
and to teach FORTRAN as a programming lan
guage and give them familiarity with the com
puter by setting meaningful FORTRAN program
ming exercises. 

There is insufficient time to meet all of the 
above objectives singly, and in the level of detail 
required, unless some considerable overlap pro
cedure is employed. This was in fact the case, 
and students were asked to carry out written work 
assignments on subjects related to ChE which 
were discussed in class. Each topic to be discussed 
was considered to be a distinct help to their aca
demic career. Essay titles were chosen to enable 
the professor to discuss ChE as a profession and 
follow with non-technical lectures on various in
dustries and the main-stream topics the students 
need in this major. 

The class discussions which preceded each 
essay were just as important as the essays them
selves. The class was encouraged to discuss the 
problem and make suggestions which could be in
corporated into their essays. In some cases, for 
example during discussion of the heat exchanger, 
we started off with a basic problem definition. The 
students were asked to consider the problem of re
covering heat from the output stream of a reactor 
and transferring it to the input stream. By in
volving all the class, it was possible to let the 
principle of a heat exchanger evolve in the · class 
period. It was astonishing that the students 
evolved the heat exchanger principle to an in
credibly high degree. It was they who decided that 
a multi-tubular device would be needed, that multi
pass heat exchangers would be preferable, that 
baffling would be required, that a floating head 
was desirable, and that horizontal heat exchangers 
were preferable to vertical ones. They decided that 
straight tubes were better than tortuous-path 
tubes because of cleaning and that space must be 

I deduced this once when a 
student Laboriously printed out .... a story 
in which he told me that a "professional engineer is one 
whose work comes under the pubic (sic) eye." 
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allowed beside the heat exchanger for tube-bundle 
removal. In fact, the class conceived the principle 
of the heat exchanger when most of them had 
never seen or heard of a heat exchanger before; 
They then wrote an essay on the subject. During 
the semester, they wr te eight essays on engineer
ing topics, each essay carrying a maximum of ten 
points. 

Thus, the essays served three purposes. First, 
they were a means of introducing a discussion in 
class about the scope of ChE and its implications 
as a profession. Second, and also in class, topics 
related to their academic future were discussed. 
Finally, there was feedback on writing strengths 
and weaknesses from the English department 
grader. 

The students were given specific instructions 
about their audience for these writing assign-

Perhaps they imagine that engineering is making 
money out of applying to community problems the laws 
of nature and the laws of man, i.e., the codes of practice. 

ments. They were told to write to a generally edu
cated audience with no knowledge of the heat ex
changer or whatever else the specific topic hap
pened to be. The instruction to the grader was "if 
you fail to understand the topic by the end of an 
individual's essay, then the individual has failed 
to communicate." Of course, spelling, grammar, 
sentence construction and style were also evalu
ated. 

The teaching of FORTRAN in ChE 302 can be 
approached in two ways. Either the self-paced ap
proach could be used or the students could be 
taught the syntax of FORTRAN formally and be 
left to learn the "tricks of usage" by practice. 
Having had to learn many different computer lan
guages in his career, the first author chose the 
latter method since he knew that, like tennis, the 
rules are easy to learn, but it is the actual use that 
makes the learner proficient. FORTRAN sections 
were given in six one-hour lectures and two prob
lems were set. 

The first problem was a solution of 'n' simul
taneous equations with test data for four un
knowns, and the second was a curve-fitting pro
gram in which they were encouraged to -try a 
hyperbolic, a logarithmic, and an exponential 
curve, to a set of 36 data points (which, in fact, 
were the burning away data for · carbon in a 
flame). Both problems were difficult, .and gave 
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some students trouble at first. But with an oc
casional FORTRAN clinic in class and a FOR
TRAN grader available five hours a week, all stu
dents reached the point where they were proficient 
in FORTRAN. There were no exceptions to this; 
all students finished the course with their pro-
grams written. • 

The final essay the students wrote was entitled 
"How to Approach the Teaching of ChE 302." 
This was set ( at some considerable risk ! ) in order 
to obtain far more feedback than the usual teacher 
evaluation system would provide. In the discussion 
period which preceded this assignment, the stu
dents were advised that they should take whatever 
view they felt appropriate, whether it be highly 
constructive, highly destructive or somewhere in 
between. They were assured of a fair grade as 
long as they were able to defend their views. As it 
turned out, all of the students had to say that even 
though the work had been hard, they were deeply 
aware that their writing had improved. They 
could hardly say, in a well-written essay, that it 
hadn't! However, there were one or two minor 
criticisms, such as that the work load was high, 
but most of the students recognized that good 
writing and a crisp individual style will only come 
with practice and, reluctantly, they admitted that 
this was the best course. On the subject of teach
ing FORTRAN, however, their attitude was dif
ferent. They reported that the class sessions were 
quite sufficient for the formal syntax of FOR
TRAN, but they felt that the two set problems 
were difficult and about 90 % of the students said 
that they wished a simple program had been set 
first in order that they could learn the protocol of 
using the university computer system and "get 
their feet wet" more gradually. We agreed with 
this criticism and adjusted the schedule for the 
following semester's class accordingly. 

The experience gained in the initial class ex
periment has been invaluable in redesigning the 
class. The number of essays has been reduced to 
eight: 

• The Scope of Chemical Engineering 
• Transport Phenomena 
• Thermodynamics 
• Unit Operations 
• Reactor Design 
• Process Plant Design 
• Project Development and Economic Evaluation 
• Computer-Aided Design in Chemical Engineering 

The FORTRAN classes are now given early in 
the semester in order to maximize the time allowed 
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for the students to write the programs. Three com
puter problems are now set. The first is a simple 
exercise in reading a list of numbers, summing 
them and their squares, roots and squared devia
tions, and printing out the answers. The second 
and third programs will be more difficult and 
chosen so that they will be useful to them in their 
ChE careers. There will also be exercises in com
puter output manipulation and effective use of the 
full capabilities of FORTRAN. However, they will 
be no more difficult than those set in the first 
semester. 

The key to our success was the strong support 
from the English department grader. During dis
cussions between the ChE and English depart
ments, a way was found to utilize Teaching As
sistants with extensive experience in grading all 
types of essays in English composition courses, 
and, as a result, two English graders, both final 
year PhD candidates, have been retained for ChE 
302, and two upper division courses. Also, the 
Harbrace College Handbook has been chosen as 
an additional text for the course in order to intro
duce the abbreviated Harbrace grading system as 
a method of increasing communication between 
grader and student. 

THE BENEFITS 

WE HOPE THAT OUR graduating engineers 
will be better than engineers from other uni

versities where this training has not yet been in
corporated into the curriculum. We hope that the 
word will get around and that more companies 
will seek and employ University of Texas ChE's 
because, among other things, they communicate 
more easily and more carefully. We have this hope 
for many reasons. -

First, other universities may copy us when 
they see our success. This will benefit all of us be
cause the standards in written English in the en
gineering fields will gradually rise and, therefore, 
text books, scientific papers, reports, codes of 
practices, scientific journals, policy statements, 
and construction details will all be easier to read 
and understand. Second, we will begin to see the 
re-appearance of writing that gives its readers 
the staying power to read and re-read, not only 
to gain an increased understanding of the topic, 
but for sheer pleasure. Third, we will show that 
academic engineers are entitled to as much pride 
in their finished products, even though they are 
from the classroom rather than the factory or 
plant. • 
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Chemical Engineers play 
key role at General Foods' 
Research & Development 
Centers. 
Chemical Engineers have a key role 
to play in research at General 
Foods Corporation, the nation's 
leading package grocery products 
company. Food is no longer the 
simple thing it was to our fore
fathers. Most of us no longer pro
duce our own food; but rely on 
others to process and package it, 
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preserve and improve it, change its 
form, and get it to us with all its 
nutritive and taste values intact. 

DEMAND INCREASES 
An accelerated worldwide need to 
supplement traditional agricultural 
food sources with technology
based foods has created an unprec
dented need for chemical engineer
ing skills of a high order. 

Ch.E. STUDENTS 
For students who want to put their 
chemical engineering training to 
work, General Foods Corporation 
needs almost all elements of the 
unit operations background . .. 
such as: dehydration, extrusion, 
heat and mass transfer and extrac
tion and separation. 

TEAM CONTRIBUTION 
At General Foods,. chemical 
engineers work in small teams 
where each team member can make 
a large contribution ... and will 
receive due recognition. The 
atmosphere is informal, yet profes
sional. And for the .chemical engi
neer who wants to obtain an 
advanced degree While pursuing a 
full -time career, General Foods 
reimburses employees close to 100 
per cent of expenses for such after 
hours studies. 

CAREER REFERENCE 
If you are interested in a career with 
a leading processor of packaged 
convenience foods who markets 
over 400 familiar brand products 
such as: MAXWELL HOUSE, 
JELL-Q, POST, GAINES, BIRDS 
EYE, KOOL-AID, SANKA, 
TANG, SHAKE 'N BAKE, COOL 
WHIP and many more ... 

Contact your placement office 
or write to: 

Technical Careers Dept. Tl2-3 

r;:;;l GENERAL FOODS 
~ CORPORATION 
250 North Street 
White Plains New York 10625 

An Equal Opportunity Employer. M/ F/ l-lc. 
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SUPERHEATED LIQUIDS 
A LABORATORY CURIOSITY 
AND, POSSIBLY, AN INDUSTRIAL CURSE 

Part 3: Discussion and Conclusions 

ROBERT C. REID 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

MOLTEN SALT-WATER EXPLOSIONS 

ANDERSON AND ARMSTRONG (1973) in
jected water into molten sodium chloride 

under carefully controlled laboratory conditions 
(Figure 19). The vertical force resulting from the 
explosion was monitored with a transducer as 
shown. High speed motion pictures were also ob
tained. The key results are : 

• explosions could begin in the bulk salt or at points on the 
crucible wall touched by the water jet, 

• the water jet was coherent .and separated from the salt 
by a vapor film until the explosion occurred, 

• no freezing of the salt was noted. 
• there were delay times of a few ms to a few hundred ms 

between injection and explosion, 
• the explosion step developed very rapidly. Even wtih the 

highest framing speed (65 µs/frame), the explosion oc
curred between successive frames·. 

In a later study, to explore larger scale inter
actions, water columns were allowed to fall upon a 
molten-salt surface (Anderson et al., 1975) . Sur
prisingly, no coherent explosions were noted. High 
speed photographs showed, however, that the co
herent water column was always preceded by a 
few drops of water. As the authors noted: "The 
contact of these leading water droplets with the 
salt caused minor explosions of sufficient magni
tude to either break the apparatus or reverse the 
motion of the water column and prevent major 
contact between the molten salt and water." 

Throughout, we have continued to suggest 
vapor explosions may occur when the volatile fluid 
superheats, nucleates, and fragments both the hot 
and cold liquids thus sustaining and enhancing the 
violence of the ultimate explosion. Yet Anderson 
and Armstrong's careful experiments force us to 
re-examine this model. Refer to Figure 20 from 

their paper. This bar graph indicates the im
portant temperature levels of the NaCl-water sys
tem. Water at 20°C contacts salt at 1000°c. At the 
water-vapor film boundary, the temperature is pre
sumably close to 100°C while in the salt-vapor 
boundary it is between 800 and 1000°C. The 
calculated interface temperature using a two-slab, 
perfect-contact theory* is 691 °C-a value exceed
ing the minimum film boiling temperature of 
500°C (Henry, 1972). The critical temperature of 
water is 373°C, and the homogeneous nucleation 
temperature is ,.._.,300°c. These values indicate that 
liquid-liquid contact should not be possible as the 
resulting interface temperature would cause im
mediate film boiling of water and freezing of the 
salt. 

Similar temperature bar-graphs could have 
been constructed for the titanium-water, smelt
water, and aluminum-water cases described in 
Part 2. Similar conclusions could also be drawn; 
how can superheating and homogeneous nuclea
tion processes play a role in such cases? 

A valuable observation is provided by Ander
son and Armstrong (1973) : "Reinspection of the 
... NaCl-H2O movies show that every explosive 
case was initiated by an external force which 
tended to drive the two liquids across the insulat
ing vapor film into near or actual contact with 
each other." The external force may be due to in
stabilities in the film, external causes, etc. How
ever, as noted "(if) the fluids actually come into 

*Eq. (11), Part 2. 

We know superheated liquids 
exist. In the laboratory they behave as 

expected from theoretical considerations and 
distintegrate violently when heated to their 

superheat limit temperature. 
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contact, the theory would predict immediate sur
face vapor production which, in turn, would in
hibit further heat transfer between liquids." 

Anderson and Armstrong proposed this "dy
namic impact heating model" and indicated that, 
when the hot and cold liquids are in close prox
imity, the heat transfer rate may be high enough 
to vaporize water in a short period of time. This 

COOLI NG J ACKET 

INJ ECTION TUIIE 

j ~ INDUCTION COIL 

~ 
C~U Ct BLE WITH 
MOLTEN NaCt 

QUARTZ INSULATOR 

~ FORCE TRANSDUCER 

FIGURE 19 INJECTION OF WATER INTO MOLTEN NaCl 

vapor production then causes (somehow) other 
near contacts and the explosion propagates. 

Perhaps there is a critical impacting force. If 
too small, then, as the liquids approach, the in
crease in vapor generation opposes the force and 
the gap widens. On the other hand, for impacting 
forces greater than the critical value, very close 
contact may be achieved. Evaporation increases 
rapidly but may there be a limit to this rate? 
Kinetic theory suggests that the limit would occur 
when the flux ,--..,(1/ 4) pv. pis the mass density of 
the vapor in the film and v the average molecular 
velocity. The maximum evaporating flux is then 

q evap = (1/ 4) pv ~Hv 

The energy flow into the water is given as 

qin = (k/ 8) (~T) 

with k the average thermal conductivity in the 
film of thickness 8. Using the NaCl-H2O system as 
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an example, when q1n = q.vap, 8 ,--.., 0.3 ,um. If the 
film thickness should become less than this value, 
energy is conducted into the bulk water to raise its 
temperature above l00°C. Should temperature of 
,--..,300°C be attained, homogeneous nucleation 
would result and intense, local shock waves de
velop. These, in turn, could provide the force to 
propagate the microevent to a macroexplosion. 

The critical impacting force should vary from 
system to system and should increase as the tem
perature of the hot fluid increases. Experiments 
involving impinging drops of a volatile liquid onto 
a hot surface (preferably liquid) could be of value 
in testing this hypothesis. Unfortunately, most 
such experiments have employed small drops with 
sufficient drag to limit the impact velocity. How
ever, if the hot fluid is only slightly above the 
homogeneous nucleation temperature of the cold 
liquid, then a less drastic model may suffice. 
Waldram et al. (1976) obtained vapor explosions 
with drops of many organic liquids on hot silicone 
oil. 

SODIUM-URANIUM DIOXIDE EXPLOSIONS 

TO ILLUSTRATE THAT VAPOR explosions 
are not confined to systems involving water, 

one need only cite the results obtained at the 
Argonne National Laboratory where the system 
molten sodium-molten uranium oxide has been 
studied. Obviously, these experiments were mo
tivated by concern should a nuclear reactor ac-
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cident in the LMFBR lead to this type of liquid
liquid contact. 

The facts indicate that if liquid sodium is in
jected into molten UO2, vapor explosions are con
sistently produced (Armstrong et al., 1975; Henry 
et al., 1974). Sodium temperatures have ranged 
from the melting point to above 600°C with UO2 
temperatures up to 3200°C. Injection velocities 
varied from 0.35 to 35 m/s. 

The important temperatures for this system 
are shown in Figure 21 (Fauske, 1977) assuming 
the sodium is initially at 400°C and the UO2 at 
3200°C. There are some significant differences 
between this case and the N aCl-H2O case discussed 
earlier. 

First, the very high temperature required for 
film boiling indicates that contact between liquid 
sodium and liquid UO2 would result in nucleate 
boiling-assuming that sufficient nucleation sites 
are available. Thus, the problem of heat transfer 
through a thin vapor sodium film is not present. 
However, if these two liquids do come into con
tact, and if boiling is suppressed, the theoretical 
two-slab interface temperature is only 1082°C; 
this is below the temperature required for the 
homogeneous nucleation of sodium, so it would 
appear unlikely that a vapor explosion could re
sult in a simple contact experiment. 

Yet vapor explosions do seem to occur when 
liquid sodium is injected into molten UO2 ! 

The model proposed by Fauske (19-73, 1974) 
assumes that the injected sodium breaks up (at 
least partially) to form some small liquid sodium 
drops. A Weber number criterion of about 10* 

"The contact of these leading 
water droplets with the salt caused minor 
explosions of sufficient magnitude to either break the 
apparatus or reverse the motion of the water 
column and prevent contact between 
the molten salt and water." 

indicates that stable drop radii can be as small as 
20 µ.m. With a drop of this size, the theoretical two
slab interfacial temperature in Figure 21 is not 
relevant and the drop tries to heat up to the bulk 
UO2 temperature. When the homogeneous nuclea
tion temperature is reached, it explodes and the 

*Nwe = pr2V2/a- with p the sodium density, r the stable 
drop radius, V the relative velocity of the sodium-U02, and 
a- the interfacial tension. 
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local shock waves propagate the reaction by caus
ing further fragmentation. In this model a delay 
is predicted between injection and explosion and 
this prediction is confirmed by experiment. 

DISCUSSION AND CONCLUSIONS 

W E KNOW SUPERHEATED liquids exist. In 
the laboratory they behave as expected from 

theoretical considerations and disintegrate vio
lently when heated to their superheat limit tem
perature. 

We also know of numerous instances where 
discrete masses of hot and cold liquids have been 
contacted ( on purpose or as the result of an acci
dent) and where this contact has resulted in an 
explosion. Of course, we must also admit that in 
a number of other similar cases contact led to no 
explosion. 

In this paper we have taken a biased position 
in an attempt to link superheated liquids to vapor 
explosions. This is a minority position and the 
field is active and in ferment as new theories and 
experiments appear and demand to be given their 
due before any general explanation is accepted. 
There may, in fact, be no single, universal cause 
for vapor explosions and each particular situation 
should then be examined separately. We have re
jected this hypothesis since there are too many 
commonalities in the various events reported. It 
is true, however, that in various vapor explosions 
there may be different parameters which assume 
primary importance in determining if a coherent 
vapor explosion will occur. 

In the past decade, numerous theories have 
been proposed which do not involve superheated 

Continued on page 203 
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PROCTER & GAMBLE is looking for 

in R&D/Product 
Development 

This organization is responsible for the 
creation and improvement of new and 

existing products, together with developing 
the associated technology advances and 

solving technical problems. 
While this organization encompasses the full 

range of scientific and engineering 
backgrounds, the primary need at the BS/ MS 

level is for Chemical Engineers and 
MBAs with a chemical or engineering 

undergraduate degree. 

Your initial responsibilities in the organization 
would be primarily technical, with varying 

degrees of interactions with P&G's 
Engineering, Manufacturing and Marketing 
divisions. As you advance, your career could 
evolve along technical and/or management 

routes. This evolution will include progressive 
assignments, exposure to other divisions, and 

in many cases a transfer to another 
R&D/Product Development division, or 

where appropriate to an Engineering, 
Manufacturing or Marketing division. 

The R&D/Product Development organization 
is headquartered in Cincinnati, consists of 

over 20 divisions, focuses on U.S. consumer 
and industrial products, conducts P&G's basic 

research, and provides technical support for 
our international operations and technical 

centers. (This technical support includes 
international travel by certain of our 

U.S.-based division personnel.) 

RESPONSIBILITY NOW! 

If you are Interested in this area, please send 
a resume to Procter & Gamble, R&D 
Recruiting Coordination Office, lvorydale 
Technical Center, Spring Grove and June 
Avenues, Cincinnati, Ohio 45217. 

PROCTER & GAMBLE 
AN EQUAL OPPORTUNITY EMPLOYER 



1i)ij;lviews and opinions 

CHEMICAL ENGINEERING EDUCATION REVISITED 

LOUIS THEODORE 
Manhattan College 
Riverdale, New York 10471 

LAST YEAR, Joe Reynolds-my department 
chairman and long-time friend-approached 

me about the possibility of my attending the Sum
mer School Workshop for Chemical Engineering 
Faculty. He felt the trip would do me good since 
most of my professional interests and consulting 
activities in the last six years have been in air 
pollution. In addition, my wife was excited about 
the possibility of another trip to the Colorado area. 
The Workshop, conducted in Snowmass, Colorado, 
provided the right atmosphere for a conference of 
this nature. A total of 36 sessions were offered in 
the program with topics varying from Unified 
Rate Concepts to Workload Evaluation. 

After some manipulation, I had Mike Williams, 
one of the Workshop Directors, assign me to the 
following sessions on kinetics : 

Louis Theodore received his B.Ch.E. from the Cooper Union in 1955 
and his M.Ch.E. (1957) and Eng.Sc.D. (1964) from New York University. 
He is presently Director of Research for Manhattan College's ChE De
partment. Dr. Theodore has had wide experience as an industrial con

sultant and lecturer, and is the author or co-author of numerous pub
lications and texts. Two main areas of interest are in air pollution and 
computer application. 
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1. Applied Chemical Kinetics. 
2. Catalysts and Physical Chemistry of Catalyst Sys

tems. 
3. Chemical Reaction Engineering. 

I specifically requested these sessions because I 
teach Chemical Reactor Design, a required senior
level course in ChE at Manhattan College. I had 
always felt that the course suffered somewhat in 
that I did not provide enough practical applica
tions. I hoped that attending these sessions would 
help alleviate this problem. Unfortunately, this 
proved not to be the case. The lectures, which 
primarily centered on program curricula and 
course content, emphasized the theoretical rather 
than the design or pragmatic approach to ChE. 
For example, Session (1) : Applied Chemical 
Kinetics, contained no applications, at least not as 
I have come to know the meaning of that term as 
an engineer. As another colleague at the workshop 
commented: the use of the word "applied" by this 
professor was an insult to any engineer's intelli
gence. These sessions served to substantiate the 
fears of a good number of ChE professors and in
dustrial personnel: education in ChE programs at 
so many of the "big-name" schools has gone off 
the deep end. Course content seems to emphasize 
the professor's research and/ or professional in
terests with little or no regard for the real needs 
of a ChE student. So much time is apparently 
spent on material that will serve no use to the 
practicing engineer. For example, the emphasis 
on the presentation at Session 1 was on kinetic 
theory. Yet, I would defy anyone to provide me 
with a case study where a reactor was designed 
using kinetic theory. Much of this useless ma
terial could be removed from course offerings if 
the professor would simply ask (and answer) the 
following question before entering class : Will the 
student ever use this material? 

The same criticisms of the kinetics course of
-ferings can also be leveled at so many other 
courses. I say this because of the recent prolif era-
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tions of texts in ChE that have emphasized the 
fundamental rather than the engineering ap
proach. Texts seem to be written by professors for 
their colleagues rather than their students. This 
has caused several of us at Manhattan to use 
earlier editions of ChE publications. 

I would issue a call to those responsible indi
viduals in ChE education to put an end to this 
nonsense. Something has to be done, and it must 
be done soon. 

REFERENCE 

1. CEP, August 1976, pages 13-16. 

ti Na book reviews 
STRATEGY OF POLLUTION CONTROL 

By P. Mac Berthouex and Dale F. Rudd, 
John Wiley and Sons, 1977. 
Reviewed by Noel de Nevers, University of Utah. 

This book is very similar in organization, style, 
and contents to "Process Synthesis" by Rudd, 
Powers and Siirola, Prentice-Hall, 1973. It has 
the same basic organization and style and borrows 
several large sections verbatim from that book. 
Those who like that book will like this one. 

In this book, Professor Rudd has teamed with 
Professor Berthouex, who is an expert on waste 
wa~er treatment and water supply, to produce a 
book which might better be named, "Process 
Synthesis, Rewritten to Emphasize Water Pollu
tion Control." 

In both books, a very brief and sketchy treat
ment is given of conservation of mass, conserva
tion of energy; equilibrium relationships, and rate 
equations. The subjects are illustrated by numer
ous excellent examples. 

It is interesting to speculate what the audience 
for this book will be. The reviewer has personally 
used "Process Synthesis" as a text for an "Intro
duction to Chemical Engineering for Freshman" 
course. The response seems to be that the p~o
fessor likes the book and the students don't. It is, 
to some extent, over their heads. However, it d-0es 
not seem to fit logically into the Chemical Engi
neering curriculum anywhere else. Similarly, 
"Strategy of Pollution Control" seems to have no 
obvious place in the Chemical Engineering curricu
lum. The emphasis is very heavily upon waste 
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water treatment. As a Chemical Engineer who 
does not know a great deal about waste water 
treatment, the reviewer found the discussions and 
examples there very interesting. But he scarcely 
feels competent to teach a course on waste water 
treatment based on the availability of this text
book (and knowing the obvious jurisdictional con
flict with the active water pollution control group 
in our Civil Engineering Department). 

The best part of this book ( as is the best part 
of "Process Synthesis") is the abundance of well
worked out and very interesting examples. In both 
books, these are truly outstanding, and justify the 
purchase of the book by many engineers merely 
to have the opportunity to study these interesting 
examples. 

The reviewer has several minor criticisms; 
first, the title of the book is misleading. Very little 
is said about the strategy of pollution control. 
Mostly, the discussion is about internal optimiza
tion of waste water treatment facilities given a 
set of externally applied constraints which the 
engineer has relatively little to say about. 
"Strategy of Pollution Control" implies a global 
view of what we ought to be doing in the pollu
tion control field, given our limited resources and 
limited knowledge of the true effects of various 
pollutants o:p. ourselves and other parts of the eco
system. Second, although the authors have pro
vided some literature references, they are not as 
careful' · in- citing sources for their material as 
they .should be. For example, figures 7.5.8 and 
7.5.l'7 are direct copies of figures 5.82 and 20.99 
of Perry •ichemical Engineers Handbook," Fifth 
Edition. This is not mentione_d_at _all in the place 
where these figures are introduced, and the only 
clue the reader is given that these might be from 
that source is a reference in the bibliography at 
the end of that chapter to Perry's as a general 
reference source in this area .. Third, the three
page, double-spaced index is inadequate. 

·In summary, chemical engineers who wish to
see a chemical engineer's view of the whole waste 
water treatment problem, with various other 
pieces _ of information about other pollution 
problems appended, will find this a very interest
ing and useful book. The reviewer sees · no place• 
where it will fit in as a textbook in any standard 
chemical engineering course except if there is a 
faculty member who is strongly involved in waste 
water treatment, and who can teach this subject 
without jurisdictional conflict with the civil engi
neers. • 
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INFLUENTIAL PAPERS 
Continued from page 162 

articles they liked best and which two they liked 
least. The results are given in Table V. Perhaps 
there is a message here, perhaps not. 

My opinion is that the course was less ef
ficient than a conventional textbook course in 
teaching facts, concepts, methods, etc. Still it was 
much more effective in conveying a comprehensive 
view of chemical reaction engineering than antici
pated. The dynamics of history are not so easily 
and dramatically conveyed via technical texts. 
Also, with this course format, it was natural to 
bring each topic right up to date. With one or two 
exceptions only, these "influential papers" were 
excellently written. The students enjoyed a real
istic teaching experience. Because of the nature of 

Hougen & Watson 
Thiele 
Carberry 
Danckwerts 
Denbigh 
Weisz & Hicks 

TABLE V 
Article Preference 

van Krevelen & Hoftijzer 
van Heerden 
Weekman 
Voorhies 
Flory 
Singer & Wilhelm 
Aris & Amundson 
Chu & Hougen 

(most - least = net) 

(6- 0 = 6) 
(3 - 0 = 3) 
(3-1 = 2) 
(3-1 = 2) 
(2- 0 = 2) 
(2- 0 = 2) 
(2- 0 = 2) 
(1 - 0 = 1) 
(1 - 1 = 0) 

(1- 2 = -1) 
(1 - 2 = -1) 
(1 -4 = -3) 
(0- 6 = -6) 
(0 - 9 = -9) 

their involvement, they were surely provided with 
a strong feeling for the flow of research and tech
nology. 

There is much more to be said about the 
central and related papers than can be accom
modated by this article. At the suggestion of one 
respondent, Michel Boudart, it is my intention to 
prepare an annotated collection of "Influential 
Papers in Chemical Reaction Engineering." Your 
suggestions on papers to be included will be ap
preciated. 
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amount of library work necessary to develop this 
course and for his service as a specialist in an 
area where he had unique expertise. • 

APPENDIX 

CHEMICAL ENGINEERING 535 

Assignments 

Monday 28 March 1977 
Read Hougen and Watson (1943) 
Work #1 and 2 below. 

Wednesday 30 March 1977 
Read Weller (1956) and Boudart (1956). Photocopies of 

these two articles are available in the ChE Reading 
Room and on reserve in the Physical Sciences Library. 
In addition the AIChE Journal is available in both of 
these locations. 

Optional reading-Weller (1975) gives excellent up-to
date perspective on the topic of catalytic kinetics. 
Copies of this article are also located in the reading 
room and the library. 

Work #3 and 4 below. 

1. The vapor phase hydrogenation of ethylene ( C2H4 + H
2 

• C2H 6 ) on a well dispersed platinum catalyst (0.05% 
Pt on Si02 ) is described by Sinfelt, J. Phys. Chem., 68, 
856 ( 1964). The overall reaction is virtually irreversible 
and is considered to occur according to the following 
mechanism. 

C2H 4 + l ~ C2 H 4•l 

H 2 + 2l~2 H•l 

C2 H4 •Z + H•l • C2H 5•l + l 

(1) 

(2) 

(3) 

C2H 5•l + H•l • C2H 6 + 2l (4) 

Reaction ( 4) is very rapid. Reaction ( 3) is the rate de
termining step. 
a) Use the methods of Hougen and Watson (1943) to 

derive an equation for the rate of reaction of ethylene. 
The equation should contain only rate and equilibrium 
constants and partial pressures of the reaction com
ponents. 

b) It is known that hydrogen adsorption, although signif
icant (KH is finite) and necessary, is slight. Use this 
information to simplify your rate equation. 

c) At rather low temperatures the rate of reaction at 
constant ethylene partial pressure will be directly 
proportional to the square root of the hydrogen partial 
pressure and at constant hydrogen partial pressure 
will be inversely proportional to the ethylene partial 
pressure. Explain why these experimental observa
tions are consistent with your rate equation from part 
(b). 

2. Write a three dimensional, unsteady state mass balance 
on a differential element of a fixed bed catalytic reactor. 
Show how to reduce this equation to ·the one dimensional, 
steady state form for a plug flow reactor, given by equa
tion (56) in Hougen and Watson (1943). 

3. Refer back to the system of problem #1. For experi
ments conducted at constant PH2 but over a wide range 
of P 02m, sketch a graph of log r vs log P 02H 4• Indicate 
quantitative features on the graph where you can. 
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4. Akers and White, Chem. Eng. Progr. 44, 553 (1948) re
ported the following data for the synthesis of methane 
from CO and H 2 over a nickel-kieselguhr catalyst at 1 
atm and approximately 300°C with a feed gas contain
ing 44.5% CO, 53.9% H21 0.4% CO2 and 1.2% inert. 

lb catalyst-hr/mo! feed 

7.13 
2.97 
1.68 
0.38 

mol CH4 in product/mo! feed 

0.187 
0.154 
0.120 
0.045 

Determine the specific rate and tabulate as a function of 
the mol CH4 /mol feed. 

Examination #1 (Take home) 
1. In Hougen and Watson (1943) * equation (12) gives the 

rate of a catalytic reaction in terms of adsorbed phase 
concentrations and the concentration of vacant sites, c1• 

In equation (14) the adsorbed phase concentrations are 
gone and fluid phase concentrations appear. During our 
study of this paper, one student asserted that there was 
an error in equation (14). Show in complete detail how 
equation (14) is obtained from equation (12). If there is 
an error in equation (14), give the correct result and 
compare it to equation (14). 

SUMMARY OF STUDY ON HOUGEN 
AND WATSON (1943) 

This excellent paper was a remarkably comprehensive, 
trendsetting, and futuristic paper. It dealt effectively with 
many of the topics which have proved to be important in 
the more than thirty years since its appearance. Among 
these are catalytic kinetics, catalyst deactivation, effective
ness factors, external mass transfer, and fixed bed reactor 
analysis and design. One can see that many of the topics 
now considered crucial in research, teaching, and practice 
of chemical r eaction engineering were anticipated by 
Hougen and Watson. This review chooses those two items in 
which the impact of this 1943 paper has been greatest: 
catalytic kinetics and the tubular reactor mass balance, 

r PB dV = F dxA. . . . 
The above equation provided a quantitative basis for 

rational tubular reactor design. Before its appearance semi
quantitative scale up procedures were used. A rather so
phisticated illustration of this earlier mode of thought can 
be provided by reference to an a r ticle by Emmett and 
Kummer (1943). There they give 9 graphs of % NH3 in 
the exit gas versus space velocity for three temperatures, 
three pressures, and three N2 :H2 feed ratios. From such 
graphs (which might come from the laboratory or pilot 
plant) encompassing the processing conditions of interest, 
one can find the space velocity to achieve a specified con
version. With the assumed analogy between tubular and 
batch reactors, the intuitive argument that the space veloc-

*Some errata in Hougen and Watson (1943) are as follows: 
Eqn (9), CA should be CA' 
p. 531, left side, line 1, CA! should be CA'z 
Eqn (14), KA C Al C1 should be KA aA_i Cz 
p. 533, left side, line 3, 25 should be 27 
p . 533, left side, line 10, unabsorbed should be unadsorbed 
p. 538, right side, line 4b, absorption should be adsorption 
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My opinion is that the course was less 
effective than a conventional textbook course in 

teaching facts, concepts, methods, etc. Still it was much 
more effective in conveying a comprehensive view 
of chemical reaction engineering than anticipated. 

ity is inversely proportional to the contact time (imperfect 
for reactions like ammonia synthesis in which there is a 
change in the total moles) , and the hypothesis that only 
contact time determines the conversion, the pilot plant could 
be scaled up directly by calculating the commercial reactor 
volume from the space velocity and the specified commercial 
feed rate. It would remain to determine the reactor shape 
( usually characterized by the length to diameter ratio) 
from previous experience with similar systems. Major fac
tors in this determination would be catalyst characteristics 
and heat transfer. Among other things, it was the physical 
processes like heat and mass transfer and mechanical char
acteristics of catalysts and reactors that made scale up from 
small to large reactors so uncertain. 

Apart from its design application, the tubular flow re
actor mass balance enabled the isolation of reaction kinetics 
from reactor characteristics. This in turn allowed much 
better reaction rate data to be obtained in catalytic reactions 
and led ultimately to improved characterizations (rate equa
tions) of catalytic kinetics. 

Probably the earliest attempts to write rate equations 
for heterogeneous catalytic reactions followed the equation 
forms which had proved satisfactory in homogeneous re
action rate studies. Empirical use of such equations con
tinues today with a vigorous endorsement in a prominent 
textbook (Levenspiel, 1972). At the same time the ap
proach of Hougen and Watson finds wide application among 
academic and (more significantly) industrial practitioners. 

The catalytic rate equations of Hougen and Watson stem 
directly from a classical paper by Langmuir (1922) in which 
he proposed a number of catalytic mechanisms based upon 
his monolayer theory of chemisorption. Hinshelwood (1940) 
applied Langmuir's treatlnent to a large number of reac
tions. This approach has become known as the Langmuir
Hinshelwood model of heterogeneous catalysis. Hougen and 
Watson (1943) rather independently developed, extended, 
and popularized this model for chemical engineering use. 
Yang and Hougen (1950) systematized the previous work 
bringing together the rate equations for many situations 
and putting them into a generalized form. So influential 
were these works that the model became known as "Hougen 
and Watson rate equations" and its use and abuse ex
ploded. In 1956, back-to-back articles by Weller and 
Boudart appeared. Weller suggested that the Langmuir
Hinshelwood, Hougen-Watson approach does not have the 
theoretical validity commonly attributed to it and that, lack
ing theoretical validity, it is unnecessarily complex for use 
as an empirical equation when compared for simplicity to 
the common power function (homogeneous) type of equa
tion. Boudart supported the rational use of the L-H, H-W 
approach with his discussion of the limitations and strengths 
of that theory. Kabel and Johanson (1962) made an experi
mental attempt to reconcile the argument using the ion ex
change resin catalyzed dehydration of ethanol. They found 
that the Langmuir equilibrium adsorption constants de-
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rived from a Hougen and Watson kinetic analysis of the 
rate data agreed quite well with the corresponding constants 
obtained· directly from independent adsorption experiments. 
Their results generated other papers by Lapidus and Peter
son (1965), Kabel (1968), and Mezaki and Kittrell (1968). 

Almost 20 years after his original article Weller (1975) 
has written a very comprehensive analysis of the state of 
cataLytic kinetics. It is recommended reading for those 
wishing an up-to-date perspective. 
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,Ki ;j pl book reviews 
SI UNITS IN CHEMICAL ENGINEERING 
AND TECHNOLOGY 

By K. D. Chandrasekaran and D. Venkateswarlu 
Indian Institute of Technology 
Madras, India. June 1974. 
Reviewed by G. R. Youngquist 
Clarkson College of Technology 

This paperbound four-chapter handbook pre
sents a summary of the SI system of units, con
version factors, and tables of numerical data in 
SI for physical and thermal properties. The first 
chapter briefly but adequately introduces the SI 
system along with conventions for its use and 
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provides an extensive list of derived units which 
are of interest to chemical engineers. The second 
chapter is devoted to SI units for quantities 
commonly used in chemical engineering practice. 
Fifty-five tables listing the preferred SI unit, 
recommended multiples, and conversion factors 
for quantities such as mass transfer coefficients, 
heat flux, viscosity, thermal conductivity and the 
like are given. The third chapter consists of 88 
tables of physical constants, physical properties 
of solids, liquids, and gases, and thermochemical 
and thermodynamic properties of selected sub
stances. These are more extensive than found in 
a typical textbook, but quite naturally less com
plete than other handbook sources. The final 
chapter provides 20 example problems. 

The background information presented is con
cise and should be sufficient for most users of SL 
The conversion tables are convenient, and the 
tables of data serve a useful purpose in the 
absence of other sources which use SL The book 
is suitable for desk reference or as a textbook 
supplement. An annoying feature of the book was 
the poor quality of the binding. Even the brief use 
encountered in the course of this review caused 
several pages to detach. • 

FUEL CELLS 

By Angus McDougall, Halstead Press, a division of 
John Wiley & Sons, New York, N.Y. 1976. 
Reviewed by Robert D. Walker, University of 
Florida 

This small book of thirteen chapters presents 
a reasonably adequate discussion of the major 
aspects of fuel cells at a quite elementary level. 
It will be useful, therefore, for introducing new 
students or casual readers to the subject without 
confusing them with unnecessary details. In spite 
of this advantage, however, it appears to this re
viewer that the book suffers from a number of 
shortcomings. In the first place, the author in
cludes no references to sources of the data used; 
indeed, there are no references to any other publi
cations. The reader is, therefore, left with no 
suggestions as to more advanced literature. 
Secondly, the case for fuel cells as energy sources 
is consistently presented too optimistically; the 
efficiency and performance described are sub
stantially in excess of those achieved practically. 
Finally, the usefulness of the book for the 
American reader is diminished by the author's dis
cussion of British fuel cells alone; no American 
( or other) fuel cells are described. • 
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SUPERHEATED LIQUIDS 
Continued from page 196 

liquids. Most have been rejected as new data ac
cumulate. We discuss the major ideas below and 
show that few are still viable. 

Entrapment/Entrainment Theory. When hot 
and cold liquids are contacted, fragments of the 
cold (volatile) liquid are assumed to be entrapped 
or entrained in the hot liquid (Groenveld, 1972; 
Brauer et al., 1968). Rapid vaporization results 
and the hot liquid is dispersed. The resultant large 
area for heat transfer then leads to an explosion. 
Variations in this hypothesis consider a crust 
forming on the hot liquid so that any entrained 
cold liquid, while vaporizing, develops a high 
pressure. Rupture, when it occurs, leads to the 
fragmentation of the hot liquid. Another, similar 
theory, assumes that the cold liquid is trapped on 
a· wall or bottom by the hot fluid and, as noted 
above, boils so violently that immediate dispersal 
of the hot fluid results. 

As. evidence against the entrapment theory, 
AndE;irson and Armstrong (1972b) injected water 
into molten NaCl and reported that, from high
speed movies, there existed a gas layer "between 
the two liquids during the injection and remained 
there until the explosion." The explosion duration 
wai;; less .than 65 µ,m and no salt crust formed. 
T.li.er.e is no evidence of any stray water droplets 
encapslll~ted in the molten salt. Also, in all the 
hydrocarbon-water tests where the cryogen was 
spil}ed on water, there was no indication that 
entrapment .or entrainment occurred. 

· . .One method suggested for entrainment of cold 
liquid js that it would be drawn through voids in 
the surface crust as the interior hot liquid cools 
and contracts. This explanation does not seem 
viable since explosion-fragmentations have also 
been observed with hot mercury (which did not 
solidify) and with molten bismuth (which ex
pands rather than contracts upon freezing). 
Finally, in some experiments (Witte et al., 1973), 
where there were several molten metal fragments 
near each other, a vapor explosion or fragmenta
tion in one would trigger like events in those 

In this paper we have taken a biased position 

nearby. This behavior is not indicative of an 
entrapment. 

Weber Instability Theory. Another theory 
often mentioned as a partial explanation for vapor 
explosions is the hydrodynamic instability asso
ciated with the jetting of one liquid into another 
under conditions where inertial forces exceed sur
face tension forces. In such cases there will be a 
spontaneous fragmentation of the jetted stream 
into smaller fragments. The increase in area has 
been cited as a possible trigger to initiate rapid 
vapor production, further fragmentation, and 
finally an explosion. 

While this instability is well known and may 
occur in some experiments, vapor explosions have 
been observed in many cases where this phenome
non could not play a part. No Weber instability 
was evident in the high speed movies of Anderson 
and Armstrong (1972b) when they jetted water 
into molten N aCI. Also, the spill tests in the 
cryogen-water studies could have had no such 
initial fragmentation. Witte et al. (1970, 1973) 
conclude that, even if the critical Weber number 
were exceeded, and some break-up has occurred, 
this process has little or no effect on the probabil
ity of a vapor explosion occurring at the same or 
at a later time. McCracken (1973) discounts any 
Weber number effect as his experiments with in
jection of molten metals into water indicated a 
sharp transition between explosions and no-ex
plosions as the coolant temperature was varied 
over only a few degrees. Such a variation would 
have little effect on Weber instabilities. 

Henry and Armstrong (1976) studied the re
action of . single drops of organic liquids in water 
when exposed to shock waves generated by an 
e~ploding wire: Even though the conditions were 
such as to greatly e~ceed the drop's critical Weber 
number for a few µ,s, no drop fragmentation was 
noted. Thus, extreme local interactions would not 
seem to be important in fragmenting drops via a 
Weber instability. · 

'rt is, therefore, now generally accepted that 
this hydrodynamic effect, though it may occur in 
certain · experiments, plays no major important 
role in vapor explosions. 

in an attempt to link superheated liquids to vapor explosions. This 
is a minority position and the field is active and in ferment as new thories and experiments 
appear and demand to be given their due before any general e)!:planation is accepted. There may, in fact, be no 
single, universal cause for vapor explosions and each particular situation should then be examined separately. 
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Another theory .... is the hydrodynamic 
instability associated with the jetting of one liquid 
into another under conditions where inertial 
forces exceed surface tension forces. 

Transition Boiling. In this hypothesis, the cold 
liquid begins to vaporize in the film boiling regime, 
but as the temperature difference between the two 
liquids decreases, the Leidenfrost point is reached 
and transition boiling begins. In this regime, there 
is some liquid-liquid contact as the vapor bubbles 
form and leave; if the cold liquid is sub-cooled, the 
bubbles may even collapse as the turbulence in the 
interface region increases. It is further postulated 
that the violence of boiling in this regime is suf
ficient to fragment the liquids so as to expose ex
tensive area for heat transfer; if this fragmenta
tion is sufficient, an explosion results. 

This explanation was first proposed by Swift 
(1965) and is discussed in detail by Stevens and 
Witte (1972) and Witte et al. (1970). But, in 
later papers (Witte and Cox, 1971; Witte et al., 
1973), the transitional boiling hypothesis is re
jected since the oscillations associated with this 
regime are in the ms time scale range, much too 
long unless the very initial contact between liquids 
is all that is necessary for rapid fragmentation. 
Brauer et al. (1968) saw no evidence of violent 
boiling prior to explosions when high speed photo
graphs were studied, but McCracken (1973) feels 
that the sensitivity of metal-water explosions to 
water temperature is in agreement with the tran
sition boiling hypothesis. 

A number of analyses have been made to pre
dict the temperature difference between fluids 
when the minimum flux is attained and transition 
boiling could begin (Henry, 1972; Berenson, 1961; 
Spiegler et al. 1963; Baumeister and Simon, 1973; 
Sciance and Colver, 1970; Bell, 1967). Some are 
based on hydrodynamic and heat transfer models 
while others are related to thermodynamic stabil
ity. No correlation fits all the data with much ac
curacy; of course, there is a wide spread in some 
experimental measurements and this indicates 
that probably there exists a temperature range 
over which there is a transition from film to tran
sitional boiling. It is also interesting to note 
(Baumeister and Simon, 1973) that for organic 
liquids or low-boiling inorganic cryogens, a good 
estimate of the Leidenfrost point is often given by 
the hot surface temperature, T., where T. is the 
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expected value where for the cold liquid, ( dP / dV) T 

= 0. This is the same criterion introduced in Part 
1 to obtain the superheat-limit temperature for 
pure components. 

Most investigators now reject the transition
boiling hypothesis as the major cause of vapor ex
plosions. It is granted that in this boiling regime, 
the interactions at the surface are rather violent 
and chaotic; however, this wetting/ vaporization/ 
wetting cycle is believed to operate on too long a 
time scale to cause the very rapid phenomenon of 
vapor explosions. Also, no one has noted the onset 
of transitional boiling before a vapor explosion 
occurred. Rather, there is sometimes a stable film 
boiling process which, for some reason, ceases, the 
film collapes very fast and an explosion follows al
most simultaneously. 

Chemical Reaction Theory. Basically, this con
cept envisages a rapid (usually exothermic) chem
ical reaction occurring at the interface. No evi
dence is available to suggest this is a viable con
cept. 

Inertial Theory. This model is the most difficult 
to describe in simple terms. A hot and cold liquid 
are assumed to contact over a limited surface area. 
Some vapor is formed in the cold but volatile 
liquid. This vapor film begins to grow but is re
strained by the inertia of the bulk liquid phase. 
The pressure rises. The expansion, while slow 
initially, accelerates and the bounding liquid is 
forced away from the interface. The inertial move
ment of this liquid continues even as the pressure 
of the vapor drops-and, in fact, can proceed so 
far as to produce a very low pressure in the vapor 
film. The bounding liquid then springs back and at 
this point there are several different theories, all 

Most investigators now 
reject the transition-boiling hypothesis 

as the major cause of vapor explosions. 

of which predict further oscillations leading even
tually to violent gross mixing, fragmentation, and 
explosive boiling. 

It is difficult to find compelling reasons either 
to reject or accept the inertial theory. It may, in 
fact, be integrated into the superheat-limit theory 
by providing the mechanism to bring the hot and 
cold liquids into contact (or near contact). 

Board et al. (1974) suggest a somewhat similar 
concept but they propose that upon film collapse a 
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jet of liquid is driven across the thin vapor film; 
fragmentation that results leads to a repeating 
chain mechanism that is noted in its entirety as an 
explosion. 

CONCLUDING REMARKS 

B OARD AND CALDAROLA (1977) have re-
viewed the extensive data of importance to 

fuel-coolant interactions in fast reactors and, in 
addition, discussed much of the available informa
tion concerning molten metal~water explosions. 
From this detailed study, they conclude that ener
getic vapor explosions always involve three se
quential stages : 

• a relath:ely quiescent m1xmg phase where there is 
formed a coarse mixture of the hot and cold liquids. The 
"dwell" time corresponds to this period. The hot and 
cold liquid fragments are belived to be separated by a 
vapor film. 

• a trigger of short duration (which may be highly local
ized) that leads to the collapse of the vapor film. 

• a propagation step where the interaction rapidly spreads 
throughout the mixture. 

One may infer that vapor explosions could be 
prevented by eliminating either or both of the first 
two steps. As stated by Board and Caldarola, " ... 
it is difficult to determine the true explosive po
tential of a material pair from experiments in 
which the initial mixing or triggering conditions 
are left to chance". 

Few careful experiments have been carried out 
to study each of these steps. The R-22 studies by 
Anderson and Armstrong (1977) do, however, 
provide some support. 

In our work with light hydrocarbons on water, 
we have possibly neglected the importance of hav
ing an initial coarse mixing step and emphasized 
only the trigger-which we have associated with 
the cold cryogen film adjacent to the water attain
ing the superheat-limit temperature. In our direct 
pours of light hydrocarbons into water, there may 
indeed have been significant mixing and frag
mentation prior to any trigger. But, we also 
have contacted LNG by tangentially skimming the 
cryogen over the surface and, even here, we have 
noted vapor explosions in the same compositional 
ranges as those found in direct pour experiments. 

Also, we have possibly been in error in neglect
ing the mixing step as being of prime importance 
because we have been able to obtain or prevent 
vapor explosions by relatively small changes in 
either the composition of the LNG or the initial 

.water temperature. We assumed that such minor 
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changes would have an insignificant effect on the 
mixing step and only affect the trigger. An active 
or inactive trigger could be explained well by 
superheated liquid theory for either variations in 
LNG composition or water temperature. As 
pointed out by Anderson (1977), however, the 
LNG composition and water temperature effects 
may also affect the film boiling characteristics of 
the system and this effect could be more important 
than that involving homogeneous nucleation of a 
superheated liquid. This critique is important be
cause if superheating plays no real role in the 
triggering step, then one must (as Anderson 
states) "recognize the possibility of an explosion 
in a system where a gas or vapor film is present 
even when the interface or hot liquid is below the 
homogeneous nucleation temperature". 

More definitive research is needed to clarify 
the mechanism (s) for vapor explosions. It is, 
nevertheless, important that any acceptable theory 
should consider all the facts and experimental 
data. We still believe that homogeneous nucleation 
of superheated liquids plays an important role and 
may even explain the old Blacksmith's adage as 
told by Dr. Beall: 

"When you spit on a piece of red hot iron, it dances 
around in a little ball. If you hit the ball with your 
hammer, the explosion will throw the hammer over the 
barn and blow a hole in the iron!" D 
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[eJ ;j §I book reviews 
THE PRIMARY BATTERY, VOL. 2 
Edited by N. Corey Cahoon and George W. Heise. 
Published by John Wiley & Sons, Inc., New York 
(1976). 528 pages, $37.50. 
Reviewed by Irwin B. Weinstock 
General Electric Company 

This is the second in a 2-volume set planned 
to present a comprehensive view of the primary 
battery field. It consists of eleven papers covering: 
Leclanche and zinc chloride cells; magnesium 
cells; aluminum cells; organic cathodes and 
anodes; low temperature systems; thermal 
batteries; water-activated batteries, standard 
tests for primary batteries; reversability of 
battery systems; measurement and interpretation 
of internal resistance; and a survey of energy 
sources and conversion mechanisms. 

The individual chapters are well written, and 
contain much information which should be of value 
to serious workers in the field. The large amount 
of detail, however, makes the book hard to read. 
Readers with little or no background in the battery 
field may find it difficult to sort through this large 
amount of detail in order to discover the general 
principles governing the operation of the specific 
battery system being described. 

The coverage of the field is, moreover, re
stricted, with heavy emphasis on the Leclanche 
cell and its analogs. Not only is the paper de
scribing this system by far the longest in the 
book (147 pages), but most of the discussion in 
the chapters on battery testing and measurement 
of internal resistance is focused on this system. 
Similarly, the chapter on low temperature systems 
is almost exclusively devoted to a review of modi
fications to the Leclanche cell (non-aqueous 
systems were covered in Volume 1 of the series) 
and the discussion of organic depolarizers is 
largely limited to those potentially useful as re
placements for manganese dioxide. A further re
striction on the comprehensiveness and up-to
dateness of the book is the lack of any discussion 
of cells with lithium anodes which have been the 
subject of extensive development over the past 15 
years. 

Nonetheless, the complete 2-volume set should 
serve well as an authoritative reference on pri
mary battery technology. The factors listed above, 
however, will in the opinion of the reviewer, limit 
the usefulness of this volume as a textbook on the 
subject. • 
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A major aromatics complex is one of many processing facilities designed and built by Braun. 

Creative Engineering at Braun 
For nearly 70 years, C F Braun & Co has provided engineering and construction services to 
the process and power industries. We have designed and built petroleum refineries, chemical 
plants, ore-processing facilities, and power-generating stations. Many of these were first-of
a-kind facilities utilizing new pro~esses never before employed on a commercial scale. 

Re.cently, we have become involved in alternative energy sources such as coal gasification, 
shale oil recovery, and geothermal energy. Our engineers have also pioneered in the develop
ment of modular engineering and construction techniques for building process plants in such 
remote areas as Alaska and Saudi Arabia. 

Challenging assignments and opportunities for professional growth and advancement exist at 
Braun in an environment designed for creative engineering. 

CF BRAUN & CO 
ALHAMBRA, CALIFORNIA 91802 MURRAY HILL, NEW JERSEY 07974 

AN EQUAL OPPORTUNITY EMPLOYER 
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UNIVERSITY OF ALBERTA 
EDMONTON, ALBERTA, CANADA 

Graduate Programs in Chemical Engineering 

Financial Aid 
Ph.D. Candidates; up to $7,500/year. 
M.Sc. Candidates: up to $7,000/year. 

Commonwealth and Industrial Scholarships are 
available. 

Costs. 
Tuition: $692/year. 
Married students housing rent: $204 / month. 
Room and board, University Housing: $228 / month. 

Department Size 
13 Professors, 20 Research Associates 
30 Graduate Students. 

Applications 
For additional information write to: 

Chairman 
Department of Chemical Engineering 
University of Alberta 
Edmonton, Alberta, Canada T6G 2G6 

Faculty and Research Interests 

I. G. Dalla Lana, Ph.D. (Minnesota): Kinetics, Hetero
geneous Catalysis. 

D. G. Fisher, Ph.D. (Michigan): Process Dynamics and 
Control, Real-Time Computer Applications, Process De
sign. 
C. Kiparissides, Ph.D. (McMaster): Polymer Reactor Engi
neering, Optimization, Modelling, Stochastic Control, 
Transport Phenomena. 

J. H. Masliyah, Ph.D. (Brit. Columbia): Transport Pheno
mena, Numerical Analysis, In situ Recovery of Oil 
Sands. 

A. E. Mather, Ph.D. (Michigan): Phase Equilibria, 
Fluid Properties at High Pressures, Thermodynamics. 

W. Nader, Dr. Phil. (Vienna): Heat Transfer, Air Pol
lution, Transport Phenomena in Porous Media, Ap
plied Mathematics. 

F. D. Otto, (Chairman), Ph.D. (Michigan): Mass Transfer, 
Computer Design of Separation 'Processes, Environ
mental Engineering. 

D. Quon, Sc.D. (M.I.T.): Applied Mathematics, Optima
zation, Resource Allocation Model 5. 

D. B. Robinson, Ph.D. (Michigan): Thermal and Volu
metric Properties of Fluids, Phase Equilibria, Thermo
dynamics. 

J T. Ryan, Ph.D. (Missouri): Process Economics, Energy 
Economics and Supply. 
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S. Shah, Ph.D. (Alberta): Linear Systems Theory, Adap
tive Control, System Identification. 

S. E. Wanke, Ph.D. (California-Davis): Catalysis, Kine
tics. 

R. K. Wood, Ph.D. (Northwestern): Process Dynamics 
and Identification, Control of Distillation Columns, 
Modelling of Crushing and Grinding Circui,ts. 

The University of Alberta 

One of Canada's largest universities and engineering 
schools. 

Enrollment of 20,000 students. 

Co-educational, government-supported, 
non-denominational. 

Five minutes from city centre, overlooking scenic river 
valley. 

Edmonton 

Fast growing, modern city; population of 500,000. 

Resident professional theatre, symphony orchestra, 
professional sports. 

Major chemical and petroleum processing centre. 

Within easy driving distance of the Rocky Mountains 
and Jasper and Banff National Parks. 
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THE UNIVERSITY OF ARIZONA 
TUCSON, AZ 

The Chemical Engineering Department at the University of Arizona is young and dynamic with a fully accredited 
undergraduate degree program and M.S. and Ph.D. graduate programs. Financial support is available through gov
ernment grants and contracts, teaching, research assistantships, traineeships and industrial grants. The faculty 
assures full opportunity to study in all major areas of chemical engineering. 

THE FACULTY AND THEIR RESEARCH INTERESTS ARE: 

WILLIAM P. COSART, Assoc. Professor 
Ph.D. Oregon State University, 1973 
Transpiration Cooling, Heat Transfer in Biological Sys
tems, Blood Processing 

JOSEPH F. GROSS, Professor and Head 
Ph.D., Purdue University, 1956 
Boundary Layer Theory, Pharmacokinetics, Fluid Me
chanics and Mass Transfer in The Microcirculation, 
Biorheology 

JOST O.L. WENDT, Assoc. Professor 
Ph.D., Johns Hopkins University, 1968 
Combustion Generated Air Pollution, Nitrogen and Sul
fur Oxide Abatement, Chemical Kinetics, Thermody
namics lnterfacial Phenomena 

THOMAS W. PETERSON, Asst. Professor 
Ph.D., California Institute of Technology, 1977 
Atmospheric Modeling of Aerosol Pollutants, 
Long-Range Pollutant Transport, Particulate 
Growth Kinetics. 

Tucson has an excellent climate and 
many recreational opportunities. It 
is a growing, modern city of 
400,000 that retains much of the 
old Southwestern atmosphere. 

For further information, 
write to: 

Dr. A. D. Randolph 
Graduate Study Committee 
Department of 

Chemical Engineering 
Universit11 of Arizona 
Tucson, Arizona 85721 

DON H. WHITE, Professor 
Ph.D., Iowa State University, 1949 
Polymers Fundamentals and Processes, Solar Energy, 
Microbial and Enzymatic Processes 

ALAN D. RANDOLPH, Professor 
Ph.D., Iowa State University, 1962 
Simulation and Design of Crystallization Processes, 
Nucleation Phenomena, Particulate Processes, Explo
sives Initiation Mechanisms 

THOMAS R. REHM, Professor 
Ph.D., University of Washington, 1960 
Mass Transfer, Process Instrumentation, Packed Column 
Distillation, Applied Design 

JAMES WM. WHITE, Assoc. Professor 
Ph.D., University of Wisconsin, 1968 
Real-Time Computing, Process Instrumentation and Con
trol, Model Building and Simulation 



The University of Calgary 

Program of Study 

The Department of Chemical Engineering provides unus_ual opportunities for research and study leading to the M.Eng., M.Sc. or Ph.D. degrees. 
This dynamic department offers a wide variety of course work and research in the following areas: Petroleum Reservoir Engineering, Environ
mental Engineering, Fluid Mechanics, Heat Transfer, Mass Transfer, Process Engineering, Rheology and Thermodynamics. The University operates 
on an eight-month academic year, thus allowing four full months per year for research. 

The requirements for the M.Eng. and M.Sc. degrees are 6 to 8 courses with a B standing or better and the submission of a thesis on a 
research project. 

The requirements for the Ph.D. degree are 8 to 12 courses and the submission of a thesis on an original research topic. 

The M.Eng. program is a part-time program designed for those who are working in industry and would like to enhance their technical educa
tion . The M.Eng. thesis is usually of the design type and related to the industrial activity in which the student is engaged. Further details of this 
program are available from the Department Head, or the Chairman of the Graduate Studies Committee. 

Research Facilities 

The Department of Chemical Engineering occupies one wing of the Engineering Complex. The building was designed to accommodate the 
installation and operation of research equipment with a minimum of inconvenience to the researchers. The Department has at its disposal an 
EA l 690 hybrid computer and a TR48 analog computer and numerous direct access terminals to the University's CDC Cyber 172 digital com
puter. In addition, a well equipped Machine Shop and Chemical Analysis Laboratory are operated by the Department. Other major research 
facilities include a· highly instrumented and versatile multiphase pipeline flow loop, an automated pilot plant unit based on the Girbotol Process 
for natural gas processing, an X-ray scanning unit for studying flow in porous media, a fully instrumented ad iabatic combustion tube for 
research on the in-situ recovery of hydrocarbons from oil sands, a laser anemometer unit, and environmental research laboratories for air 
pollution, water pollution and oil spill studies. 

Financial Aid 

Fellowships and assistantships are available with remuneration of up to $6,000 per annum, with possible rem1ss1on of fees. In addition, new 
students may be eligible for a travel allowance of up to a maximum of $300. If required, loans are available from the Federal and Provincial 
Governments to Canadian citizens and Landed Immigrants. There are also a number of bursaries, fel lowships, and scholarships available on a 
competition basis to full-time graduate students. Faculty members may also provide financial support from their research grants to students 
electing to do research with them. 

Cost of Study 

The tu ition fees for a full -time graduate student are $625 per year plus small incidental fees. Most full-time graduate students to date have 
had their tuition fees remitted. 

Cost of Living 

Housing for single students in University dormitories range from $172/ mo. for a double room, to $205/ mo. for a single room, including board. 
There are a number of new townhouses for married students available, ranging from $177/ mo. for a ]-bedroom, to $193/ mo. for a 2-bedroom 
and to $209/ mo. for a 3-bedroom unit, including utilities, major appliances and parking. Numerous apartments and private housing are within 
easy access of the University. Food and clothing costs are comparable with those · found in other major North American urban centres. 

Student Body 

The University is a cosmopolitan community attracting students from all parts of the globe. The current enrolment is about 12,000 with ap
proximately 1,000 graduate students. Most full-time graduate students are currently receiving financial assistance either from internal or 
external sources. 

The Community 

The University is located in Calgary, Alberta, home of the world famous Calgary Stampede. Th is city of 570,000 combines the traditions of 
the Old West with the sophistication of a modern, dynamic urban centre. Beautiful Banff National Park is 60 miles from the city and 
the ski resorts of the Banff and Lake Louise areas are readily accessible. Jasper National Park is only five hours away by car via one of 
the most scenic highways in the Canadian Rockies. A wide variety of cultural and recreational facilities are available both on campus and in 
the community at large. Calgary is the business centre of the petroleum industry in Canada and as such has one of the highest concentrations 
of engineering activity in the country. 

The University 

The University operated from 1945 until 1966 as an integral part of the University of Alberta . The present campus situated in the rolling hills 
of northwest Calgary, was established in 1960, and in 1966 The University of Calgary was chartered as an autonomous institution by the 
Province of Alberta. At present the University consists of 14 faculties. Off-campus institutions associated with The University of Calgary include 
the Banff School of Fine Arts and Centre of Continuing Education located in Banff, Alberta, and the Kananaskis Environmental Research Station 
located in the beautiful Bow Forest Reserve. 

Applying 
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The Chairman, Graduate Studies Committee 
Department of Chemical Engineering 
The University of Calgary 
Calgary, Alberta T2N lN4 
Canada 
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PROGRAM OF STUDY Distinctive features of study in 
chemical engineering at the California Institute of Tech
nology are the creative research atmosphere in which the 
student finds himself and the strong emphasis on basic 
chemical, physical, and mathematical disciplines in his 
program of study. In this way a student can properly pre
pare himself for a productive career of research, develop
ment, or teaching in a rapidly changing and expanding 
t echnological society. 

A course of study is selected in consultation with one 
or more of the faculty listed below. Required courses are 
minimal. The Master of Science degree is normally com
pleted in one academic year and a thesis is not required. 
A special t erminal M.S. option, involving either research 
or an integrated design project, is a newly added feature 
to the overall program of graduate study. The Ph.D. de
gree requires a minimum of three years subsequent to 
the B.S. degree, consisting of thesis research and further 

advanced study. 
FINANCIAL ASSISTANCE Graduate students are sup
ported by fellowship, research assistantship, or teaching 
assistantship appointments during both the academic 
year and the summer months. A student may carry a 
full load of graduate study and research in addition to 
any assigned assistantship duties. The Institute gives 
consideration for admission and financial assistance to 
all qualified applicants r egardless of race, religion, or sex. 

APPLICATIONS Further information and an application 
form may be obtained by writing 

Professor L. G. Leal 
Chemical Engineering 
California Institute of Technology 
Pasadena, California 91125 

It is advisable to submit applications before Ferruary 
15, 1979. 

FACULTY IN CHEMICAL ENGINEERING 

WILLIAM H. CORCORAN, Professor and Vice
President for Institute Relations 
Ph.D. ( 1948), California Institute of Te.chno~ogy 
Kinetics and catalysis; biomedical engmeenng; 
air and water quality. 

GEORGE R. GAV ALAS, Professor 
Ph.D. (1964), University of Minnesota 
Applied kinetics and catalysi~; process control 
and optimization; coal gasification. 

L. GARY LEAL, P rofessor 
Ph.D. (1969), Stanford. Universit~ . 
Theoretical and expenmental flmd mechamcs; 
heat and mass transfer; suspension rheology; 
mechanics of non-Newtonian fluids. 

CORNELIUS J. PINGS, Professor, . 
Vice-Provost, and Dean of Graduate Studies 
Ph.D. (1955), Cal~ornia Institu~e of Tech~ol?gy 
Liquid state physics and chemistry; statistical 
mechanics. 

JOHN H. SEINFELD, Professor, 
E xecutive Officer 
Ph.D. (1967), Princeton University 
Control and estimation theory; air pollution. 

FRED H. SHAIR, Professor 
Ph.D. (1963), University of California, Berkeley 
Plasma chemistry and physics; tracer studies 
of various environmental problems. 

GREGORY N. STEPHANOPOULOS, Assistant Pro
f essor Ph.D. (1978) , Univer sity of Minnesota 
Biochemical engineering ; chemical reaction 
engineering. 

NICHOLAS W. TSCHOEGL, Professor 
Ph.D. (1958), University of New South Wales 
Mechanical properties of polymeric materials; 
theory of viscoelastic behavior; structure
property relations in polymers. 

ROBERT W. VAUGHAN, Professor 
Ph.D. (1967), University of Illinois 
Solid state and surface chemistry. 

W. HENRY WEINBERG, Professor 
Ph.D. (1970), University of California, Berkeley 
Surface chemistry and catalysis. 



UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 

RESEARCH 

ENERGY UTILIZATION 

ENVIRONMENTAL 

KINETICS AND CATALYSIS 

THERMODYNAMICS 

ELECTROCHEMICAL ENGINEERING 

PROCESS DESIGN 
AND DEVELOPMENT 

BIOCHEMICAL ENGINEERING 

MATERIAL ENGINEERING 

FLUID MECHANICS 
AND RHEOLOGY 

FOR APPLICATIONS AND FURTHER INFORMATION, WRITE: 

FACULTY 

Alexis T. Bell 
Alan S. Foss 
Simon L. Goren 
Edward A. Grens 
Donald N. Hanson 
C. Judson King (Chairman) 
Scott Lynn 
David N. Lyon 
John S. Newman 
Eugene E. Petersen 
John M. Prausnitz 
Clayton J. Radke 
Mitchel Shen 
Charles W. Tobias 
Theodore Vermuelen 
Charles R. Wilke 
Michael C. Williams 

Department of Chemical Engineering 
UNIVERSITY OF CALIFORNIA 
Berkeley, California 94720 



UNIVERSITY OF CALIFORNIA, DAVIS 
UC DAVIS OFFERS A COMPLETE PROGRAM OF GRADUATE 

STUDY AND RESEARCH IN CHEMICAL ENGINEERING 

Degrees Offered 
Master of Science 
Doctor of Philosophy 

Course Areas 
Applied Kinetics and Reactor Design 
Applied Maithematics 
Electrochemical Engineering 
Process Dynamics 
Separation Processes 
Thermodynamics 
Transport Phenomena 

Faculty 
R. L. BELL, University of Washington 

Mass Transfer, Biomedical Applications 
RUBEN CARBONELL, Princeton University 

Enzyme Kinetics, Applied Kinetics, Quantum 
Statistical Mechanics 

ALAN JACKMAN, University of Minnesota 
Environmental Engineering, Transport Phenomena 

B. J. McCOY, University of Minnesota 
Chromatographic Proceses, Food Engineering, 
Statistical Mechanics 

F. R. McLARNON, University of California, Berkeley 
Electrochemical Engineering, Energy conversion and 
storage 

J.M. SMITH, Massachusetts Institute of Technology 
Applied Kinetics and Reactor Design 

STEPHEN WHITAKER, University of Delaware 
Fluid Mechanics, lnterfacial Phenomena 

FALL 1978 

Program 

Davis is one of the major campuses of the Uni
versity of California system and has developed great 
strength in many areas of the biological and physical 
sciences. The Department of Chemical Engineering 
emphasizes research and a program of fundamental 
graduate courses in a wide variety of fields of interest 
to chemical engineers. In addition, the department 
can draw upon the expertise of faculty in other areas 
in order to design individual programs to meet the 
specific interests and needs of a student, even at the 
M.S. level. This is done routinely in the areas of en
vironmental engineering, food engineering, biochemi
cal engineering and biomedical engineering. 

· Excellent laboratories, compu,tation center and 
electronic and mechanical shop facilities are available. 
Fellowships, Teaching Assistantships and Research 
Assistantships (all providing additional summer support 
if desired) are available to qualified applicants. The 
Department supports students applying for National 
Science Foundation Fellowships. 

Davis and Vicinity 

The campus is a 20-minute drive from Sacramenito 
and just over an hour away from the San Francisco 
Bay area. Outdoor sports enthusiasts can enjoy water 
sports at nearby Lake Berryessa, skiing and other alpine 
activities in the Sierra (l l /2 to 2 hours from Davis). 
These recreational opportunities combine with the 
friendly informal spiri,t of the Davis campus to make 
it a pleasant place in which to live and study. 

Married student housing, at reasonable cost, is 
located on campus. Both furnished and unfurnished 
one- and two-bedroom apartments are available. The 
town of Davis is adjacent to the campus, and within 
easy walking or cycling distance. 

Information 

For further details on graduate study at Davis, please 
write to: 

Chemical Engineering Department 
University of California 
Davis, California 95616 
or call (916) 752-0400 
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Ever think of Grad School 
as an Adventure? 

• -write• 
Graduate Chemical Engineering 

Carnegie -Mellon Un1vers1ty 

CHEMICAL ENGINEERING EDUCATION 



M.S. and Ph.D. Programs 

in 

CHEMICAL ENGINEERING 

CASE WESTERN RESERVE UNIVERSITY 

THE UNIVERSITY 

Case Institute of Technology is a privately endowed in
stitution with traditions of excellence in Engineering and 

. Applied Science since 1880. In 1967, Case Institute and 
Western Reserve University joined together. The enrollment, 
endowment and facuhy make Case Western Reserve Uni
versity one of the leading private schools in the country. 
The modern, urban campus is located in Cleveland's University 
Circle, an extensive concentration of educational, scientific, 
social and cultural organizations. 

ACTIVE RESEARCH AREAS IN CHEMICAL ENGINEERING 

Environmental Engineering 
Control .& Optimization 
Computer Simulation 
Systems Engineering 
Foanr & Colloidal ·Science 
Transport Processes 

Coal Gasification 
Biomedical Engineering 
Surface Chemistry & Catalysis 
Crystal Growth & Materials 
Laser Doppler Velocimetry 
Chemical Reaction Engineering 

CHEMICAL ENGINEERING DEPARTMENT 

The department is growing and has ·recently moved 
to a new complex. This facility provides for innovations in 
both research and teaching. Courses in all of the major 
areas of Chemical Engineering are available. Case Chemical 
Engineers have founded and staffed major chemical and 
petroleum companies and have made important technical and 
entrepreneurial contributions for over a half a century. 

FINANCIAL AID 

Fellowships, Teaching Assistantships and Research As
sistantships are available to qualified applicants. Applications 
are welcome from graduates in Chemistry and Chemical 
Engineering. 
FOR FURTHER INFORMATION 
Contact: Graduate Student Advisor 

Chemical Engineering Department 
Case Western Reserve University 
Cleveland, Ohio ·44106 



Graduate Study 
in Chemical Engineering 

Clclrkson 
• M.S. and Ph.D . Programs 
• Friendly Atmosphere 
• Freedom from Big City Problems 
• Personal Touch 
• Vigorous Research Programs Supported by 

Government and Industry 
• Faculty with International Reputation 
• Skiing , Canoeing , Mountain Climbing and 

Other Recreation in the Adirondacks 
• Variety of Cultural Activities with Two 

Liberal Arts Colleges nearby 

Faculty 
W. L. Baldewicz 
Der-Tau Chin 
Robert Cole 
David 0 . Cooney 
Marc D. Donohue 
Joseph Estrin 
Sandra Harris 
Joseph L. Katz 

Richard J . McCluskey 
Richard J . Nunge 
D. H. Rasmussen 
Herman L. Shulman 
R. Shankar Subramanian 
Peter C. Sukanek 
Thomas J. Ward 
William R. Wilcox 
Gordon R. Youngquist 

Research Projects are available in : 

• Energy 
• Materials Pr.ocessing in Space 
• Multiphase Transport Processes 
• Health & Safety Applications 
• Electrochemical Engineering and Corrosion. 
• Polymer Processing 
• Particle Separations 
• Phase Transformations and Equilibria 
• Reaction Engineering 
• Optimization and Control 
• Crystallization 
• And More .... 

Financial aid in the form of fellowships, 
research assistantships, and teaching 
assistantships is available. For more 
details, please write to: 

DEAN OF THE GRADUATE SCHOOL 
CLARKSON COLLEGE OF TECHNOLOGY 
POTSDAM, NEW YORK 13676 



Chemical Engineering at 

CORNELL 
UNIVERSITY 

A place to grow ... 

with active research in: 

biochemical engineering 
computer simulation 
environmental engineering 
heterogeneous catalysis 
surface science 
polymers 
microscopy 
reactor design 
fluid flow and coalescence 
physics of liquids 
thermodynamics 

with a diverse intellectual climate- graduate students 
arrange individual programs with a core of chemical 
engineering courses supplemented by work in 
outstanding Cornell departments in 

chemistry 
biochemistry 
microbiology 
applied mathematics 
applied physics 
food science 
materials science 
mechanical engineering 
and others 

with outstanding recreational and cultural 
opportunities in one of the most scenic regions of the 
United States. 

Graduate programs lead to the degrees of Doctor of 
Philosophy, Master of Science, and Master of 
Engineering. (The M.Eng. is a professional, 
design-oriented program.) Financial aid ,.including 
several attractive fellowships, is available. 

The faculty members are: 
George G. Cocks, Claude Cohen, Robert K. Finn, 
Keith E. Gubbins, Peter Harriott, Robert P. Merrill, 
Ferdinand Rodriguez, George F. Scheele, Michael L. 
Shuler, Julian C. Smith, William B. Streett, 
Raymond G. Thorpe, Robert L. Von Berg, Herbert F. 
Wiegandt. 

FOR FURTHER INFORMATION: Write to 

Professor Keith Gubbins 
Cornell University 
Olin Hall of Chemical Engineering 
Ithaca, New York 14853. 
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UNIVERSIT'I OF DELAWARE 
Newark, Delaware 19711 

The University of Delaware awards three graduate degrees for studies and 
practice in the art and science of chemical engineering: 

An M.Ch.E. degree based upon course work and a thesis problem. 

An M.Ch.E. degree based upon course work and a period of in
dustrial internship with an experienced senior engineer in the 
Delaware Valley chemical process industries. 

A Ph.D. degree. 

The regular faculty are: 
Gianni Astarita (½ time) 
C. E. Birchenall 

· K. B. Bischoff (Chairman) 
M. M. Denn 
C. D. Denson 
B. C. Gates 
J. R. Katzer 
R. L. McCullough 
A. B. Metzner 
J. H. Olson 
M. E. Paulaitis 
R. L. Pigford 

T. W. F. Russell 
S. I. Sandler 
G. L. Schrader 
G. C. A. Schuit(½ time) 
J. M. Schultz 
L. A Spi~lman 

Visiting Faculty 
J.M. Dealy 
J. Moulijn 
A. Teja 
M. Teramoto 

The adjunct and research faculty who provide extensive association with in-
dustrial practice are: · 

R. J. Anderson ____ Reaction engineering, process design 
L. A. DeFrate ____ _ Single and multiphase fluid mechanics 
A. W. Etchells _____ Mixing, fluid mechanics 
R. J. Fisher _____ _Polymer processing and stability theory 
P. J. Gill _______ Polymer reaction kinetics, optimal control 

systems 
P. M. Guillino, M. D. ___ Biomedical engineering 
H. F. Haug _____ Chemical engineering design 
H. S. Kemp ______ Transfer operations, distillation 
T. A. Koch ______ Catalysis 
J. C. W. Kuo ____ _ Catalysis reaction engineering 
W. H. Manogue _ _ __ Catalysis, reaction engineering 
F. E. Rush, Jr. _____ Mass transfer-distillation, absorption, 

extraction 
R. J. Samuels _____ Polymer science 
E. G. Scheibe! _____ Mass transfer, separation process 
A. B. Stiles ________________________ Catalysis 
E. A. Swabb, M. D. ___ Biomedical engineering 
V. W. Weekman, Jr. -~-------Reaction engineering 
K. F. Wissbrun ____ Polymer engineering 

For information and admissions materials contact: 

M. M. Denn, Graduate Advisor 

CHEMICAL ENGINEERING EDUCATION 



:;,iversity of florida 
Transport 

Phenomena& 
Rheology 

Drag-reducing polymers 
greatly modify the 

familiar bathtub vortex, 
as studied here 

by dye injection. 

offersyou 

Thermodynamics· & 
Statistical Mechanics 

llfustrating hydrogen-bondin_g forces 
between water molecules. 

and mucJ.imore ... 

A young, dynamic faculty 
Wide cot1rse and program selection 

Excellent facilities 
Year-round sports 

Optimization 
& Control 

Part of a 
computerized distillation 
control system. 

Biomedical Engineering & 
Interfacial Phenomena 
Oxygen being extracted from a 
substance similar to blood plasma. 

Write to: 
Dr. John C. Biery, Chairman 
Department of Chemical Engineering. Room .227 
University of Florida 
Gainesville, Florida 32611 



Graduate Studies in Chemical Engineering ... 

GEORGIA TECH 
Atlanta 

Ballet 
Center for Disease Control 

Commercial Center of the South 
High Museum of Art 

All Professional Sports 
Major Rock Concerts and 

Recording Studios 
Sailing on Lake Lanier 
Snow Skiing within two hours 

Stone Mountain State Park 
Atlanta Symphony 

Ten Professional Theaters 

Rambling Raft Race 
White Water Canoeing within 

one hour 

Chemical Engineering 

Air Quality Technology 
Biochemical Engineering 

Catalysis and Surfaces 
Energy Research and Conservation 

Fine Particle Technology 

lnterfacial Phenomena 
Kinetics 

Mathematical Modeling 
Mining and Mineral Engineering 
Polymer Science and Engineering 
Pulp and Paper Technology 

Reactor Design 

Stagewise Processes 

Transport Phenomena 

For more information write: 

Dr. Gary W. Poehlein 
School of Chemical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 



i11RADUATE 

Ph.D. $2,023 

M.S. $1,564 

B.S. $1,489 

MONTHLY 
STARTING 
SA LARIES 

FOR CHE 'S 

(CHEM. E GR. ,85) 
2 /13/78 

FALL 1978 

STUDY PAYS! 

UNIVERSITY OF HOUSTON 

CULLEN COLLEGE OF ENGINEERING 

• 
DEPARTMENT OF CHEMICAL ENGINEERING 

NEAL R. AMUNDSON 

AMIR ATTAR 

JAMES E. BAILEY 

JOSEPH R. CRUMP 

ABRAHAM E. DUKLER 

RAYMOND W. FLUMERFELT 

ERNEST J. HENLEY 

WALLACE I. HONEYWELL 

CHEN-JUNG HUANG 

ROY JACKSON 

CHARLES V. KIRKPATRICK 

DAN LUSS 

ALKIVADES PAYATAKES 

H. WILLIAM PR ENGLE , JR. 

JAMES T. RICHARDSON 

FRANK M. TILLER 

FRANK L. WORLEY , JR . 

Chairman, Admissions Committee 
Department of Chemical Engineering 
University of Houston 
Houston, Texas 77004 
(713) 749-4407 

. ; 
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Institute of Technology 

M.S. and Ph.D. programs in Chemical Engineering and Inter
disciplinary Areas of Polymer Science, Biochemical and Food 
Engineering, Gas Engineering, Biomedical Engineering, 
and Particle Technol'ogy. 

Faculty 

D. GIDASPOW 
W. M. LANGDON 
J . R. SELMAN 
B. S. SW ANSON 
L. L. TAVLARIDES 
J. S. VRENTAS 
D. T. WASAN 
CHARLES WITTMANN 

Heat Transfer and Thermodynamics 
Environmental Control and Process Design 
Electrochemical Engineering and Energy Conversion 
Process Dynamics and Controls 
Biochemical Engineering and Reactor Engineering 
Polymer Science and Transport Phenomena 
Mass Transfer and Surface and Colloid Phenomena 
Chemical Reaction Engineering Analysis 

FOR INQUIRIES, WRITE 

D. T. Wasan 
Chemical Engineering Dept. 
Illinois Institute of Technology 
10 West 33rd St. 
Chicago, IL 60616 

CHEMICAL ENGINEERING EDUCATION 



Graduate Programs in 

The Department of Energy Engineering 

leading to the degrees of 

MASTER OF SCIENCE and 

D_OCTOR OF PHILOSOPHY 

·ph.D-., 

.. ·.·.·~·.·X:',,.·~ 

The MS program, with its optional 
thesis, can be completed in one year. 

Evening M.S. can be completed 
in three years. 

The department invites applications. for 
admission and support from all qualified 

candidates. Special fellowships are 
available for minority students. To obtain 

application forms or to request further 
information write: 

• 11111 

Fluid mechanics, combustion, turbulence, 
chemically reacting flows 

Chemical kinetics, mass transport phenomena, chemical 
process design, particulate transport phenomena 

Kinetics of gas reactions, energy transfer processes, 
molecular lasers 

Multi-phase flow, flow in porous media, mass transfer, 
interfacial behavior, biological applications of transport 
phenomena, thermodynamics of solutions 

Thermodynamics and statistical mechanics of fluids, 
solids, and solutions, kinetics of liquid reactions, 
cryobioengineering 

Thermodynamics, biotransport, artificial organs, 
biophysics 

Transport properties of fluids and solids, heat and 
mass transfer, isotope separation, fixed and fluidized 
bed combustion 

Catalysis, chemical reaction engineering, optimization, 
environmental and pollution problems 

Professor S. C. Saxena, Chairman 
The Graduate Committee 
Department of Energy Engineering 
University of Illinois at Chicago Circle 
Box 4348, Chicago, Illinois 60680 
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UNIVERSITY OF ILLINOIS 
URBANA, CHAMPAIGN 

• ACTIVE, RESPECTED, ACCESSIBLE FACULTY 
The Department is deeply committed to teaching and research. Everyone 
is expected to maintain an active, first-class research program. Administrators 
or "older members" are not exceptions. The standards are high. A third of 
the faculty are members of the National Academy of Engineers or the 
National Academy of Sciences. The Department prides itself on the large 
number of major national or international awards its members have won, 
an average of 3.6 awards per tenured faculty member. 
Even so, the faculty is accessible. The Department views research as the 
highest form of teaching, where students and faculty work together on a 
joint project. It is not unusual to find faculty members in the lab, and 
doors are always open for questions, comments or help. 

• EXCEPTIONAL FACILITIES 
The Department, as a part of the School of Chemical Sciences maintains 
some of the most up-to-date facilities in the country, including for example 
a multichannel analyser capable of counting the nanosecond range, and 
pressure and vacuum equipment giving a useful operating range of l 0 5 to 
l 0-13 atm. The School has extensive service facilities including a glass shop, 
electronic shop, machine shop, electronic design facility, analytical and laser 

·1abs. The shops are some of the best in the country, and the analytical and 
laser labs are truly exceptional. The campus library is one of the largest in 
a major university with over 5,000,000 items in its collection including 
more complete run journals in the chemical sciences than can be found 
in any other education institution. The School is committed to keeping its 
equipment up to the state of the art, and so for example, we are currently 
in the process of purchasing a replacement for our IBM 1800, and have 
requested money to add NMR capabilities beyond our 220 MHZ machine. 

• A DIVERSITY OF RESEARCH INTERESTS 
Applied Mathematics 
Biological Application of 

Chemical Engineering 
Catalysis 
Chemical Reactor Dynamics 
Computer-Aided Process 

Simulation and Design 
Corrosion 
Electronic Structure of Matter 
Electrochemical Engineering 
Energy Sources and Conservation 
Environmental Engineering 
Fluid Dynamics 

Heat Transfer 
High Pressure 
lnterfacial Phenomena 
Mass Transfer 
Materials Science and Engineering 
Molecular Thermodynamics 
Phase Transformations 
Process Control 
Reaction Engineering 
Resource Management 
Statistical Mechanics 
Surface Science 
Two-Phase Flow 

FOR INFORMATION AND APPLICATIONS: Professor J. W. Westwater 

Department of Chemical Engineering 
113 Adams Laboratory 
University of Illinois 
Urbana, Illinois 61801 

CHEMICAL ENGINEERING EDUCATION 



THE FOREST PRODUCTS 
INDUSTRY IS BASED ON 
RENEWABLE RESOURCES 

AND NEEDS M.S. AND PH.D. SCIENTISTS AND ENGINEERS 

THE 
INSTITUTE OF 

PAPER CHEMISTRY 
OFFERS INTERDISCIPLINARY 

GRADUATE DEGREE PROGRAMS 

DESIGNED FOR B.S. CHEMICAL 

ENGINEERS TO FILL THE NEEDS 

OF THE FOREST PRODUCT INDUSTRY 

A faculty of 45 engineers, chemists, physicists, 
mathematicians, and biologists 

Graduate student body of 100 students 

Current research activity 

• Process engineering of pollution-free pulping 
systems 

Close connection and support by the forest products 
industry 

• Simulation & control in the pulp & paper industry 

• Surface & colloid chemistry of paper making systems 
All U. S. & Canadian students supported by full fellow

ships, $6,000, and tuition scholarships • Laser, Raman, & X-ray defraction studies in cellulose 

Industrial experience an integral part of the program • Cell fusion techniques & tissue culture of trees 

FALL 1978 

• Environmental engineering 

• Fluid mechanics, heat & mass transfer 

• Polymer science and engineering 

FOR FURTHER INFORMATION WRITE: 

DIRECTOR OF ADMISSIONS 
INSTITUTE OF PAPER CHEMISTRY 
P. 0. BOX 1039 
APPLETON, WISCONSIN 54912 
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IOWA STATE UNIVERSITY 

Biomedical Engineering 

(System Modeling, 
Transport. process) 
Richard C. Seagrave 
Charles E. Glatz 

Biochemical Engineering 
(Enzyme Technology) 
Charles E. Glatz 
Peter J. Reilly 

Polymerization Processes 

William H. Abraham 
John D. Stevens 

as well as 

Air Pollution Control 
Solvent Extraction 
High Pressure Technology 
Mineral Processing 

write to: 
Chairman 

OF 
SCIENCE AND TECHNOLOGY 

Energy Conversion 
(Coal Tech, Hydrogen Production, 
Atomic Energy) 

Renato G. Bautista 
Lawrence E. Burkhart 
George Burnet 
Allen H. Pulsifer 
Dean L. Ulrichson 
Thomas D. Wheelock 

Crystallization Kinetics 
Maurice A. Larson 
John D. Stevens 

Process Instrumentation 
and System Optimization 
and Control 
Lawrence E. Burkhart 
Kenneth R. Jolls 

Department of Chemical Engineering 
· Iowa State University 
Ames, Iowa 50011 

GRADUATE STUDY and 

GRADUATE RESEARCH 

in 

Chemical Engineering 

Transport Processes 
(Heat, mass & momentum transfer) 

William H. Abraham 
Renato G. Bautista 
Charles E. Glatz 
James C. Hill 
Frank 0. Shuck 
Richard C. Seagrave 

Process Chemistry and 
Fe-rtilizer Technology 

David R. Boylan 
George Burnet 
Maurice A. Larson 



Graduate Study in Chemical Engineering 
KANSAS STATE UNIVERSITY 

DURLAND HALL-New Home of Chemical Engineering 

M.S. and Ph.D. programs in Chemical 
Engineering and Interdisciplinary 
Areas of Systems Engineering, Food 
Science, and Environmental Engi
neering. 

Financial Aid Available 
Up to $6,000 Per Year 

FOR MORE INFORMATION WRITE TO 

. Professor B. G. Kyle 
Durland Hall 
Kansas State University . 
Manhattan, Kansas 66502 

FALL 1978 

AREAS OF STUDY AND RESEARCH 

TRANSPORT PHENOMENA 
ENERGY ENGINEERING 
COAL AND BIOMASS CONVERSION 
THERMODYNAMICS AND PHASE EQUILIBRIUM 
BIOCHEMICAL ENGINEERING 
PROCESS DYNAMICS AND CONTROL 
CHEMICAL REACTION ENGINEERING 

· MATERIALS SCIENCE 
SOLID MIXING 
CATALYSIS AND FUEL SYNTHESIS 
OPTIMIZATION AND PROCESS SYSTEM 

ENGINEERING 
FLUIDIZATION 
ENVIRONMENTAL POLLUTION CONTROL 
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UNIVERSITY OF KANSAS 
Department of Chemical and Petroleum Engineering 

M.S. and Ph.D. Programs 
in 

Chemical Engineering 
M .S. Program 

in 
Petroleum Engineering 

also 
Doctor of Engineering (D.E.) 

and 
M.S. in Petroleum Managemen1 

The Department is the recent recipient of a large state grant for 
research in the ·area of Tertiary Oil Recovery to assist the Petro
leum Industry. 

Resear-ch Areas 

Transport Phenomena 

Fluid Flow in Porous Media 

Process Dynamics and Control 
Water Resources and 

Environmental Studies 

Mathematical Modeling of 
Complex Physical Systems 

Reaction Kinetics and 
Process Design 

Nucleate Boiling 

High Pressure, Low Temperature 
Phase Behavior 

Financial assistance is 
available for Research Assistants 

and Teaching Assistants 

For Information and Applications write: 

Floyd W. Preston, Chairman 
Dept. of Chemical and Petroleum Engineering 
University of Kansas 
Lawrence, Kansas, 66045 
Phone (913) 864-3922 



University of Kentuck 

FALL 1978 

M.S. &Ph.D. Programs 
Including Intensive Study in : 

ENERGY ENGINEERING: 
Synthetic fuel process research 
Chemical coal desulphurization 
Thermochemical hydrogen production 

ENVIRONMENTAL ENGINEERING: 
Air pollutant dispersion modeling 
Water and air pollution control processes 
Physico-chemical separations: indus. wastes 

OTHER PROGRAM AREAS: 

Thermodynamics 
Chemical reactor design 
Diffusional mass transfer 
Process control and applied math .. etc. 

Excellent financial aid is available in the 
form of graduate fellowships & traineeships. 

8 , 

' 

You will find Lexington to be a truly delightful 
place to live and to study. 

Write to: 
R. B. Grieves, Chairman 
Chemical Engineering Dept. 
University of Kentucky 
Lexington, Kentucky 40506 

depart nien t 
·of cheniical 
engineering 
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CHEMICAL 
ENGINEERING 

AT M.I.T. 
GENERAL AREAS OF FUNDAMENTAL AND APPLIED RESEARCH 

• Energy Conversion Processes • Polymer Chemistry and Engineering 

• Environmental Quality • Process Dynamics and Process Control 
• Biochemical and Biomedical Engineering • Computer Aided Design 
• Transport Phenomena • Surface and Colloid Chemistry 

• Chemical Reactor Engineering • Applied Chemistry 
• Chemical Kinetics and Catalysis • Combustion 

THE FACULTY OF THE DEPARTMENT 

R. C. ARMSTRONG, Ph.D. (1973); Assistant Professor, 
POLYMER FLUID MECHANICS, TRANSPORT PHENOMENA, 
APPLIED MATHEMATICS 

R. F. BADDOUR, Sc.D. (1951); Professor, 
CATALYSIS, PLASMA CHEMISTRY, ENZYME TECHNOLOGY 

J. M. BEER, D.Sc. (1968); Professor, 
COMBUSTION, FLUIDIZED COMBUSTION OF COAL 

R. A. BROWN, Ph.D. (1978); Assistant Professor, 
MATHEMATICAL MODELLING, FLUID MECHANICS, 
TRANSPORT AND INTERFACE PHENOMENA 

R.E. COHEN, Ph.D. (1972); Associate Professor, 
PHYSICS AND CH EMISTRY OF POLYMERS, VISCOELASTIC THEORY 

C. K. COLTON, Ph.D. (1969); Professor, 
BIOMEDICAL AND BIOCHEMICAL ENGINEERING, MASS TRANSFER 

W. M. DEEN, Ph.D. (1973); Assistant Professor 
BIOENGINEERING, FLUID MECHANICS, MASS TRANSFER 

R. G. DONNELLY, Ph.D. (1972); Associate Professor, 
HETEROGENEOUS CATALYSIS, COLLOID AND SURFACE 
CHEMISTRY, THERMODYNAMICS 

L. B. EVANS, Ph.D. (1962); Professor, 
PROCESS CONTROL, OPTIMIZATION, COMPUTER-AIDED DESIGN 

C. GEORGAKIS, Ph.D. (1975); Assistant Professor, 
CHEMICAL REACTOR DESIGN, PROCESS DYNAMICS AND 
CONTROL, APPLIED MATHEMATICS 

R. A. HITES, Ph.D. (1968); Associate Professor, 
ENVIRONMENTAL ORGANIC CHEMISTRY, POLLUTION, 
ANALYTICAL CHEMISTRY . 

H. C. HOTTEL, S.M. (1924); Professor Emeritus, 
RADIATIVE HEAT TRANSFER, COMBUSTION, SOLAR ENERGY 

J . B. HOWARD, Ph.D. (1965); Professor, 
COMBUSTION, COAL CONVERSION, ENERGY TECHNOLOGY 

J. P. LONGWELL, Sc.D. (1943); Professor, 
COMBUSTION, FUELS PROCESSING 

M. P. MANNING, Sc.D. (1976); Assistant Professor, 
KINETICS AND CATALYSIS, SOLAR ENERGY, PROCESS DESIGN 
H. P. MEISSNER, D.Sc. (1938); Professor Emeritus, 
ELECTROCHEMISTRY, THERMODYNAMICS, PROCESS 
METALLURGY 
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E. W. MERRILL, Sc.D. (194n; Professor, 
POLYMER CHEMISTRY, BIOMEDICAL ENGINEERING, MEMBRANE 
TECHNOLOGY 

M. MODELL, Sc.D. (1964); Associate Professor, 
THERMODYNAMICS, WASTE TREATMENT, CHEMICAL KINETICS 
AND CATALYSIS 

C. M. MOHR, Sc.D. (1961); Senior Lecturer, 
PROCESS DESIGN AND SYNTHESIS, INDUSTRIAL CHEMISTRY 

F. A. PUTNAM, Ph.D. (1976); Assistant Professor, 
SURFACE PHENOMENA, THERMODYNAMICS, CATALYSIS 

R. C. REID, Sc.D. (1954); Professor, 
THERMODYNAMICS, PROPERTIES OF MATERIALS, LIQUEFIED 
NATURAL GAS 

A. F. SAROFIM, Sc.D. (1962); Professor, 
APPLIED CHEMICAL KINETICS, HEAT AND MASS TRANSFER, 
COMBUSTION 

C. N. SATTERFIELD, Sc.D. (1946); Professor, 
CHEMICAL REACTION ENGINEERING, MASS TRANSFER AND 
HETEROGENEOUS CATALYSIS 

S. M. SENKIN, Sc.D. (197n; Assistant Professor, 
CHEMICAL REACTOR DESIGN , MATHEMATICAL MODELLING 

K. A. SMITH, Sc.D. (1962); Professor, 
FLUID MECHANICS, HEAT AND MASS TRANSFER, BIOMEDICAL 
ENGINEERING 

c. G. VAYENAS, Ph.D. (197n; Assistant Professor, 
HETEROGENEOUS CATALYSIS, FUEL CELLS 

P. S. VIRK, Sc.D. (196n; Associate Professor, 
DRAG REDUCTION, PYROLYSIS PATHWAYS, COAL LIQUIDS 

J . E. VIVIAN, Sc.D. (1945); Professor and Executive Officer, 
MASS TRANSFER AND CHEMICAL KINETICS, SEPARATION 
PROCESS . 

J . WEI, Sc.D. (1955); Professor and Department Head, 
CATALYSIS AND KINETICS, CHEMICAL REACTORS, TRANSPORT 
PHENOMENA, BIOCHEMICAL ENGINEERING 

G. C. WILLIAMS, Sc.D. (1942); Professor and Graduate Officer, 
COMBUSTION, CHEMICAL KINETICS, AIR POLLUTION 

CHEMICAL ENGINEERING EDUCATION 



University of Massachusetts at Amherst 

GRADUATE PROGRAM 

IN 

Polymer Science and 
Engineering Chemical Engineering 

FACULTY 
PSE 
William J. MacKnight, Prof. and Head 
Richard J. Farris, Associate Prof. 
James C. W. Chien, Professor 
Allen S. Hay, Adjunct Professor 
S. L. Hsu, Assistant Professor 
Frank E. Karasz, Professor 
Robert L. Laurence, Professor 
Robert W. Lenz, Professor 
Stanley Middleman, Professor 
Edward P. Otocka, Adjunct Professor 
Roger S. Porter, Professor 
Isaac Sanchez, Adjunct Professor 
Richard S. Stein, Commonwealth Professor 
Edwin L. Thomas, Associate Professor 
Otto Vogl, Professor 

RESEARCH AREAS 
MORPHOLOGY OF POLYMERS 
SPECTROSCOPY OF POLYMERS 
POLYMER PHYSICS 
SYNTHESIS 
PHYS ICAL CHEMISTRY OF POLYMERS 
POLYMER ENGINEERING 

For information contact 

Dr. Richard J. Farris 
Graduate Program Director 
Dept. of Polymer Science & Engineering 
University of Massachusetts 
Amherst,· Massachusetts 01003 
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Ch. E. 
W. Leigh Short, Prof. and Head 
David C. Chappelear, Adjunct Associate 
Michael F. Doherty, Assistant Prof. 
James M. Douglas, Professor 
John W. Eldridge, Professor 
Robert S. Kirk, Associate Prof. 
James R. Kittrell, Professor 
Robert L. Laurence, Professor 
Robert W. Lenz, Professor 
E. Ernest Lindsey, Emeritus Prof. 
Thomas J. McAvoy, Professor 
Stanley Middleman, Professor 
Marcel Vanpee, Professor 

CHEMICAL PROCESS DESIGN 
COMBUSTION 
SEPARATION PROCESSES 
THERMODYNAMICS 
PROCESS CONTROL 
REACTOR ENGINEERING 

For information contact 

Dr. R. L. Laurence 
Graduate Program Director 
Dept. of Chemical Engineering 
University of Massachusetts 
Amherst, Massachusetts 01003 
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THE FACULTY 
Dale Briggs 

Louisville, Michigan 
Brice Carnahan 

Case-Western, Michigan 
Rane Curl · 

MIT 
Francis Donahue 

LaSalle, UCLA 
H. Scott Fogler 

Illinois, Colorado 
Erdogan Gulari 

Roberts, Cal Tech 
James Hand 

NJIT, Berkeley 
Robert Kadlec 

Wisconsin, Michigan 
Donald Katz 

Michigan 
Lloyd Kempe 

Minnesota 
Joseph Martin 

Iowa, Rochester, Carnegie 
John Powers 

Michigan, Berkeley 
Jerome Schultz, Chairman 

Columbia, Wisconsin 
Maurice Sinnott 

Michigan 
James Wilkes 

Cambridge, Michigan 
Brymer Williams 

Michigan 
Gregory Yeh 

Holy Cross, Cornell, Case 
Edwin Young 

Detroit, Michigan 
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Chemical 
Engineering 
At The 
University 
Of Michigan 

THE RESEARCH PROGRAM 
Laser Light Scattering 
Reservoir Engineering 
Thrombogenesis 
Sterilization 
Applied Numerical Methods 
Dynamic Process Simulation 
Ecological Simulation 
Electroless Plating 
Electrochemical Reactors 
Polymer Physics 
Polymer Processing 
Composite Materials 
Coal Liquefaction 
Coal Gasification 
Acidization 
Gas Hydrates 
Periodic Processes 
Tertiary Oil Recovery 
Transport In Membranes 
Flow Calorimetry 
Ultrasonic Emulsification 
Heat Exchangers 

THE PLACE 
Department Of Chemical Engineering 
THE UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 48109 

For Information Call 3131763-1148 Collect 

For 
Tomorrows 

Engineers 
Today. 

CHEMICAL ENGINEERING EDUCATION 



Department of Chemical Engineering 

UNIVERSITY OF MISSOURI ROLLA 
ROLLA, MISSOURI 65401 

Contact Dr. M. R. Strunk, Chairman 

Day Programs 

Established fields of specialization in which re
search programs are in progress are: 

(1) Fluid Turbulence Mixing and Drag Reduction 
Studies-Dr. G. K. Patterson and Dr. X. B. 
Reed 

(2) Electrochemistry and Reactions at Electrode 
Surfaces-Dr. J. W. Johnson 

(3) Heat Transfer Studies-Dr. J. J. Carr 

(4) Bioconversion of Agricultural Wastes to 
Methane-Dr. J. L. Gaddy and Dr. N. L. Book 

(5) Polymers and Polymeric Materials-Dr. H. K. 
Yasuda 

M.S. and Ph.D. Degrees 

In addition, research projects are being carried 
out in the following areas: 

(a) Optimization of Chemical Systems-Dr. J. L. 
Gaddy 

(b) Design Techniques and Fermentation Studies 
-Dr. M. E. Findley 

(c) Multi-component Distillation Efficiencies and 
Separation Processes-Dr. R. C. Waggoner 

(d) Separations by Electrodialysis Techniques
Dr. H. H. Grice 

(e) Process Dynamics and Control; Computer 
Applications to Process Control-Ors. M. E. 
Findley, R. C. Waggoner, and R. A. Mollen
kamp 

(f) Transport Properties, Kinetics, enzymes and 
catalysis-Dr. 0. K. Crosser and Dr. B. E. 
Poling 

(g) Thermodynamics, Vapor-Liquid Equilibrium 
-Dr. D. B. Manley 

Financial aid is obtainable in the form of Graduate and 
Research Assistantships, and Industrial Fellowships. Aid 
is also obtainable through the Materials Research Center. 
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CHEMICAL ENGINEERING 
AT NORTH CAROLINA STATE UNIVERSITY 
RALEIGH, N.C. 

CRYSTALLIZATION 
Secondary nucleation 
Crystallization kinetics 
Selective nucleation 

CHEMICAL 
REACTION 
ENGINEERING 
Process modeling 
Pilot plant studies 
Radiation 

polymerization 

ENVIRONMENTAL SCIENCE 
Stack monitoring 
Control technology development 
Biological effects of pollutants 

B.S. ChE's and Chemists: 

ADVANCED STUDY AND 
RESEARCH LEADING 
TO THE M.S., M.ChE., 
AND PhD. DEGREES. 

ALSO 
Phase equilibrium 

thermodynamics 
Heat Transfer 
Separation Processes 
Computer Appl ications 

COAL GASIFICATION 
$2.4 Million Pilot Plant 
completed (1978) in cooperation 
with EPA 

Pollutant characterization 
Process development 
Sampling and analysis 
Acid gas cleanup 

POLYMER SCIENCE 
Natural and synthetic polymers 
Glassy state anomalies 
Advanced membrane processing 
Controlled drug delivery 

FOR ADDITIONAL INFORMATION, A CATALOG, AND APPLICATION MATERIALS, WRITE 

Dr. James K. Ferrell, Head 
Department of Chemical Engineering 
North Carolina State University 
Raleigh, North Carolina 27650 
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Graduate Study in Chemical Engineering at 

NORTHEASTERN 
UNIVERSITY 

M.S., Ph.D., and D. Eng. programs are available at Northeastern University to 

qualified students with B.S. degrees in Chemical Engineering from accredited 

institutions. The M.S. programs are available on the Coop plan of alternate 

periods of work and study. Faculty research interests include energy conservation 

and conversion, process dynam ics and control , light induced reactions, environ

mental control , process development and model ing simulation. Some financial 

support is available. 

Location-Northeastern University is located in dynamic Boston close to major 

cultural, recreational, sports, and learning areas. 

For further information please contact 

Dean George W. Hankinson 

Graduate School of Engineering 

Northeastern University 

Boston, Mass. 02115 
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WRITE TO 

Prof. Lee C. Eagleton, Head 
160 Fenske Laboratory 

The Pennsylvania State University 
University Park, Pa. 16802 

for a 

graduate education 

in 

Chemical Engineering ? 

Consider 

PENN STATE 
Some Current M.S. & Ph.D. 
General Research Areas: 

BIOMEDICAL ENGINEERING 
Physiological Transport Processes 
Newborn Monitoring 

ENVIRONMENTAL RESEARCH 
Gaseous and Particulate Control 
Atmospheric Modeling 

REACTOR DESIGN AND CATALYSIS 
Heterogeneous Catalysis 
Cyclic Reactor Operations 
Catalyst Characterization 

TRANSPORT PHENOMENA 
Analytical and Numerical Solutions 
Polymer Rheology and Transport 
Convective Heating and Mass Transfer 
Mass Transfer in Cocurrent Flow 

THERMODYNAMIC PROPERTIES 
Property Correlations 
Statistical Mechanics 

PROCESS DYNAMICS AND CONTROL 
Nonlinear Stability Theory 
Optimal and Periodic Control 

APPLIED CHEMISTRY AND KINETICS 
Industrial Chemical Processes 
Complex Reaction Systems 

PETROLEUM REFINING 
Process Development 
Product Conversion 

TRIBOLOGY 
Properties of Liquid Lubricants 
Boundary Lubrication Fundamentals 

INTERFACIAL PHENOMENA 
Adsorption Thermodynamics and Kinetics 
Monolayer and Membrane Processes 

ENERGY RESEARCH 
Tertiary Oil Recovery 
Nuclear Technology 

CHEMICAL ENGINEERING EDUCATION 



university of 

pennsylvania 
che111ical 
and bioche111ical 

• • eng1neer1ng 
FACULTY 

Stuart W. Churchill (Michigan) 
Elizabeth B. Dussan V. (Johns Hopkins) 
William C. Forsman (Pennsylvania) 
Eduardo D. Glandt (Pennsylvania) 
David J. Graves (M.I.T.) 
A. Norman Hixson (Columbia) 
Arthur E. Humphrey (Columbia) 
Mitchell Litt (Columbia) 
Alan L. Myers (California) 
Melvin C. Molstad (Yale) 
Daniel D. Perlmutter (Yale) 
John A. Quinn (Princeton) 
Warren D. Seider (Michigan) 

RESEARCH SPECIALTIES 

Energy Utilization 
Enzyme Engineering 
Biochemical Engineering 
Biomedical Engineering 
Computer-Aided Design 
Chemical Reactor Analysis 
Environmental and Pollution Control 
Polymer Engineering 
Process Simulation 
Surface Phenomena 
Separations Techniques 
Thermodynamics 
Transport Phenomena 

The faculty includes three members of the National Academy of Engineering and three recipients of the highest honors awarded by the American 
Institute of Chemical Engineers. Staff members are active in teaching, research, and professional work. Located near one of the largest con
centrations of chemical industry in the United States, the University of Pennsylvania maintains the scholarly standards of the Ivy League and 
numbers among its assets a superlative Medical Center and the Wharton School of Business. 

PHILADELPHIA: The cultural advantages, historical assets, and recreational facilities of a great city are within walking d istance of the University. 
Enthusiasts will flnd a variety of college and professional sports at hand. The Pocono Mountains and the New Jersey shore are within a two
hour drive. 

For further information on graduate studies in this dynamic setting, write to Dr. A. L. Myers, Chairman, 
Department of Chemical and Biochemical Engineering, 220 S. 33rd Street, University of Pennsylvania, Philadelphia, PA 19104. 
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GRADUATE STUDY 
IN CHEMICAL AND PETROLEUM 
ENGINEERING 

University 

Pi&b ______ ,____ 
Sixty graduate students, 
along with 300 under
graduates, pursue their 
education on three floors 
of Benedum Hall. The 
facilities are modern and 
excellently equipped. 
Graduate applicants 
should write: 

Graduate Coordinator 
Chemical and Petroleum 
Engineering Department 
School of Engineering 
University of Pittsburgh 
Pittsburgh, Pa. 15261 

FACULTY 

Charles S. Beroes 
Alfred A. Bishop 
Alan J. Brainard 
Shiao-Hung Chiang 
James T. Cobb, Jr. 
Paul F. Fulton 
George E. Klinzing 
Alan A. Reznik 
Yatish T. Shah 
Edward B. Stuart 
John W. Tierney 
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UNIVERSITY OF 
PITTSBURGH 
The first school west of the 
Allegheny Mountains to 
offer engineering de
grees, the University 
granted its f irst under
graduate engineering 
degree in 1846 and 
started the graduate 
program in 1914. Today, 
approximately 2,000 
undergraduates and 600 
graduate students are en
rol led in the School of 
Engineering. Students 
have access to the 
George M. Bevier En
gineering Library of 
38,000 volumes; University 
libraries of over 2,500,000 
volumes; libraries in 50 
industrial research centers 
and universities nearby. 
University of Pittsburgh has 
a comprehensive com
puter system with both 
batch and time-sharing 

facilities to use in aca
demic and research 
investigations. 

PROGRAMS 
AND SUPPORT 
Master of Science and 
Doctor of Philosophy de
grees in Chemical En
gineering and Master of 
Science degree in Petro
leum Engineering are of
fered. While obtaining 
advanced degrees, stu
dents may specialize in 
Biomedical, Energy Re
sources, Nuclear, and En
vironmental areas. A joint 
Master of Science degree 
with the Department of 
Mathematics is offered. 
Teaching and Research 
Assistantships and Fellow
ships are available. 

PITTSBURGH 
The city leads a rich cul
tura I life in an exciting 
geographic and social 
setting. Pittsburgh Sym
phony Orchestra, under 
the direction of Andre 
Previn, ranks high. A wide 
range of musical events 
rocks Heinz Hall. Pitts
burgh Laboratory Theatre 
and Pittsburgh Public 
Theatre take innovative 
approaches to drama. 
Natural history displays at 
Carnegie Museum and 
art exhibits at the new 
Sarah Scaife Gallery 
draw over a million visitors 
yearly. For sports followers, 
Pittsburgh offers Pirates, 
Steelers, Penguins. And 
skiers find a variety of 
slopes just a half-hour, 
uphill drive from the city. 

CHEMICAL ENGINEERING EDUCATION 



HOW WOULD YOU LIKE TO DO 
YOUR GRADUATE WORK 
IN THE CULTURAL CENTER 
OF THE WORLD? 

. . . 
••-~c~• ... •••- • • ........ ~ ... ~,.~~-···~~-·.""'· "· 

CHEMICAL ENGINEERING 

POLYMER SCIENCE & ENGINEERING 

FACULTY 

R. C. Ackerberg 
R. F. Benenati 
J. J. Conti 
C. D. Han 
W. H. Kapfer 
S. H. Lin 
J. S. Mijovic 
E. M. Pearce 
P. F. Schubert 
E. N. Ziegler 

Polvtechnic 
lnsfitute 
@~~w~~ 
Formed by the merger of Polytechnic Institute Of 
Brooklyn and New York University School of 
Engineering and Science, 

Department of 
Chemical Engineering 

Programs leading to Master's, Engineer and 
Doctor's degrees. Areas of study and research: 
chemical engineering, polymer science and 
engineering and environmental studies. 

RESEARCH AREAS 

Air Pollution 
Catalysis, Kinetics and Reactors 
Fermentation and Food Processing 
Fluidization 
Fluid Mechanics 
Heat and Mass Transfer 
Mathematical Mod$11ing 
Mechanical Behavior of Polymers 
Morphology of Polymers 
Polymerization Reactions 
Process Control 
Rheology and Polymer Processing 

Fellowships and Research Assistantships 
are available. 

For further information contact 
Professor C. D. Han 
Head, Department of Chemical Engineering 
Polytechnic Institute of New York 
333 Jay Street 
Brooklyn, New York 11201 
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Greenkorn 
Hanneman 
Houze 
Kessler 
Koppel 
Lim 
Peppas 

Ramkrishna 
Reklaitis 
Squires 
Theofanous 
Tsao 
Wankat 
Weigand 

Graduate Information 
Chemical Engineering 
Purdue University 
West Lafayette, Indiana 47907 
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UNIVERSITY OF QUEENSLAND 
POSTGRADUATE STUDY 

~ IN ~ 

CHEMICAL ENGINEERING 
* 

STAFF AND RESEARCH AREAS 

D. J. Nicklin (Cambridge) 
Two-phase Flow, Fluidization 
P. C. Brooks (M.I.T.) 
Process Dynamics and Control 
P. F. Greenfield (N.S.W.) 
Biochemical and Enzyme Engineering, 
Mass Transfer and Catalysis, Waste 
Treatment 
G. J. Kelly (Tasmania) 
Corrosion, Electrochemical 
Technology 
L. S. Leung (Cambridge) 
Fluidization, Gas-solid Flow, Thermo
dynamics 

POSTGRADUATE SCHOLARSHIPS AVAILABLE * 
R. G. Rice (Pennsylvania) 
Column Flotation, Mass and Heat 
Transfer, Adsorption 

R. H. Weiland (Toronto) 
Fluid Dynamics, Mass and Heat 
Transfer 

E. T. White (Imperial College) 
Crystallization, System Analysis, 
Computer Contro l 

R. J. Wiles (Queensland) 
Particulate Conveying, Rheology 

R. Y. K. Yang (Princeton) 
Reaction and Enzyme Engineering, 
Numerical Methods, Stability Analysis 

THE DEPARTMENT 

The Department occupies its own new build ing and is 
well supported by research grants and modern equip
ments including a multi-purpose Varian mini-computer 
system. It has maintained an active postgraduate pro
gramme, which involves course work and research 
leading to M. Eng. Studies, M. Eng. Science and Ph.D. 
degrees. 

THE UNIVERSITY AND THE CITY 

The University is one of the largest in Austral ia with 
more than 18,000 students. Brisbane, with a population 
of about one million, enjoys a pleasant climate and 
attractive coasts which extend northward into The 
Great Barrier Reef. 

FURTHER 
IMFORMATION 

For further information write to: 
Co-ordinator of Graduate Studies, Department of Chemical 
Engineering, University of Queensland, Brisbane, Qld. 4067, 
AUSTRALIA. 
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RPI 
Advanced Study 
and Research Areas 

• Thermodynamics 
• Heat Transfer 
• Kinetics-Catalysis 
• Fluidization 
• Fluid-Particle Systems 
• lnterfacial Phenomena 
• Polymer Materials 
• Polymer Processing 
• Biochemical Systems 
• Air Pollution Control 
• Atmospheric Chemistry 
• Water Resources 
• Environmental Studies , 

For full details write 

Dr. David Hansen, Chairman 

RENSSELAER 
POLYTECHNIC 
INSTITUTE 
M.S. and Ph.D. Programs 
in Chemical Engineering 

The Faculty 

Michael M. Abbott Ph.D. , Rensselaer 
El mar R. Altwicker Ph.D. , Ohio State 
Donald B. Aulenbach Ph.D. , Rutgers 
Georges Belfort Ph.D. , California - Irvine 
Henry R. Bungay Ill Ph,D. , Syracuse 
Chan I. Chung Ph.D. , Rutgers 
Nicholas L. Clesceri Ph.D. , Wisconsin 
Dady B. Dadyburjor Ph.D. , Delaware 
Charles N. Haas Ph.D. , Illinois 
David Hansen Ph, D. , Rensselaer 
Arland H. Johannes Ph.D. , Kentucky 
Clement Kleinstreuer Ph.D. , Vanderbilt 
Peter K. Lashmet Ph.D. , Delaware 
Howard Littman Ph.D. , Yale 
Charles Muckenfuss Ph.D. , Wisconsin 
Rajamani Rajagopalan Ph.D. , Syracuse 
George P. Sakellaropoulos PhD., Wisconsin 
William W Shuster D.Ch.E , Rensselaer 
Sanford S. Sternstei n Ph.D. , Rensselaer 
Hendrick C. Van Ness DEng., Yale 
Peter C. Wayner, Jr. Ph.D. , Northwestern 
Stephen W. Yerazunis D.Ch.E , Rensselaer 

Department of Chemical and Environmental Engineering 
Rensselaer Polytechnic Institute Troy, New York 12181 

CHEMICAL ENGINEERING EDUCATION 



Graduate Study 
in Chemical Engineering 
at Rice University 

Graduate study in Chemical Engineering at Rice University is offered to qualified students with backgrounds in 
the fundamental principles of Chemistry, Mathematics, and Physics. The curriculum is aimed at strengthening the 
student's understanding of these principles and provides a basis for developing in certain areas the necessary 
proficiency for conducting independent research. A large number of research programs are pursued in various 
areas of Chemical Engineering and related fields, such as Biomedical Engineering and Polymer Science. A joint 
program with the Baylor College of Medicine, leading to M:D.-Ph.D. and M.D.-M.S. degrees is also available. 

The Department has approximately 30 graduate students, predominantly Ph.D. candidates. There are also several 
post-doctoral fellows and research engineers associated with the various laboratories. Permanent fa.culty numbers 
12, all active in undergraduate and graduate teaching, as well as in research. The high faculty-to-student ratio, 
outstanding laboratory facilities, and stimulating research projects provide a graduate education environment in 
keeping with Rice's reputation for academic excellence. The Department is one of the leading 42 Chemical Engineer
ing Departments in the U.S., ranked by graduate faculty quality and program effectiveness, according to recent 
evaluations. 

MAJOR RESEARCH AREAS 
Thermodynamics and Phase Equilibria 
Chemical Kinetics and Catalysis 
Chromatography 
Optimization, Stability, and Process Control 
Systems Analysis and Process Dynamics 
Rheology and Fluid Mechanics 
Polymer Science 

BIOMEDICAL ENGINEERING 
Blood Flow and Blood Trauma 
Blood Pumping Systems 
Biomaterials 

Rice University 

Rice is a privately endowed, nonsectarian, coeduca
tional university. It occupies an architecturally attrac
tive, tree-shaded campus of 300 acres, located in a fine 
residential area, 3 miles from the center of Houston. 
There are approximately 2200 undergraduate and 800 
graduate students. The school offers the benefits of a 
complete university with programs in the various fields 
of science and the humanities, as well as in engineer
ing. It has an excellent library with extensive holdings. 
The academic year is from August to May. As there 
are no summer classes, graduate students have nearly 
four months for research. The school offers excellent 
recreational and athletic facilities with a completely 
equipped gymnasium, and the southern climate makes 
outdoor sports, such as tennis, golf, and sailing year
round activities. 

FALL 1978 

FINANCIAL SUPPORT 
Full-time graduate students receive financial support 
with tuition remission and a tax-free fellowship of 
$400-460 per month. 

APPLICATIONS AND INFORMATION 
Address letters of inquiry to: 

Houston 

Chairman 
Department of Chemical Engineering 
Rice University 
Houston, Texas 77001 

With a population of nearly two million, Houston is the 
largest metropolitan, financial, and commercial center 
in the South and Southwest. It has achieved world-wide 
recognition through its vast and growing petrochemical 
complex, the pioneering medical and surgical activities 
at the Texas Medical Center, and the NASA Manned 
Spacecraft Center. 
Houston is a cosmopolitan city with many cultural and 
recreational attractions. It has a well-known resident 
symphony orchestra, an opera, and a ballet company, 
which perform regularly in the newly constructed Jesse 
H. Jones Hall. Just east of the Rice campus is Hermann 
Park with its free zoo, golf course, Planetarium, and 
Museum of Natural Science, The air-conditioned Astro
dome is the home of tlie Houston Astros and- Oilers 
and the site of many other events. 
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RUTGERS THE STATE UNIVERSITY 
OF NEW JERSEY 

College of Engineering 

M.S. and Ph.D. 
PROGRAMS 
IN THE DEPARTMENT OF 

AND CHEMICAL 
BIOCHEMICAL 
ENGINEERING 

AREAS OF TEACHING AND RESEARCH 
CHEMICAL ENGINEERING FUNDAMENTALS 
• THERMODYNAMICS • TRANSPORT PHENOMENA • KINETICS AND CATALYSIS • CONTROL THEORY, 
COMPUTERS AND OPTIMIZATION • POLYMERS AND SURFACE CHEMISTRY • SEMIPERMEABLE MEMBRANES 

BIOCHEMICAL ENGINEERING FUNDAMENTALS 
• MICROBIAL REACTIONS AND PRODUCTS • SOLUBLE AND IMMOBILIZED ENZYMES • BIOMATERIALS 
• ENZYME AND FERMENTATION REACTORS 

ENGINEERING APPLICATIONS 
• BIOCHEMICAL TECHNOLOGY • CHEMICAL TECHNOLOGY • WATER RESOURCES ANALYSES 

• INDUSTRIAL FERMENTATIONS 
• ENZVMES IN THERAPEUTIC MEDICINE, 

PHARMACEUTICAL PROCESSING 
AND WASTE TREATMENT 

• FOOD PROCESSING 

FELLOWSHIPS AND 
ASSISTANTSHIPS 
ARE AVAILABLE 
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• FLAMMABILITY OF MATERIALS • OCEANS AND ESTUARIES 
• PACKAGING • QUALITY MANAGEMENT 
• POLYMER PROCESSING • WASTES RECOVERY 
• PLANT DESIGN AND ECONOMICS 

For Application Forms and Further Information Write To: 
Graduate Admissions Office 
542 George Street 
Rutgers, The State University 
New Brunswick, N.J. 08903 

CHEMICAL ENGINEERING EDUCATION 



University of 
south 
Carolina 
The College of Engineering offers M.S., M.E and Ph.D. 
degrees in Chemical Engineering. Graduate students have 
the opportunity to work closely with the faculty on research 
projects. Research and teaching stipends are available from 
$3000 to $7200. 

The University of South Carolina, with an enrollment of 23,800 
on the Columbia campus, offers a variety of cultural and 
recreational activities. Columbia is part of one of the fastest 
growing areas in the country. 

The Chemical Engineering Faculty 

B. L. Baker, Distinguished Professor Emeritus, Ph.D., North Carolina State 
University, 1955 (Process design, environmental problems, ion transport). 

M. W. Davis, Jr., Professor, Ph.D., University of California (Berkeley), 1951 
(Kinetics and catalysis, chemical process analysis, solvent extraction, waste 
treatment). 

J. H. Gibbons, Professor, Ph.D., University of Pittsburgh, 1961 (Heat transfer, 
fluid mechanics) . 

J. G: Goodwin, Jr., Assistant Professor, Ph.D., University of Michigan, 1977 
(Kinetics and catalysis, reactor engineering) . 

F. P. Pike, Professor Emeritus, Ph.D., University of Minnesota, 1949 (Mass 
transfer in liquid-liquid systems, vapor-liquid equilibria). 

T. G. Stanford, Assistant Professor, Ph.D., The University of Michigan, 1977 
(Chemical reactor engineering, mathematical modeling bf chemical 
systems, process design, thermodynamics) . 

G. B. Tatterson, Assistant Professor, Ph.D. , Ohio State University, 1977 
(Turbulence, mixing, multi-phase flow, real-time computing) 

J. A. Trainham, Assistant Professor, Ph.D., University of California (Berkeley), 
1978, (Electrochemical systems) 

V. Van Brunt, Assistant Professor, Ph.D., University of Tennessee, 1974 (Mass 
transfer, computer modeling, fluidization) . 

For further Information contact: 
Prof. J . H. Gibbons 

Chairman, Chemical Engineering Group 
College of Engineering 

University of South Carolina 
Columbia, South Carolina 29208 



Chemical 
Engineering at 
Stevens 
Institute of 
Technology 

Master's-Chemical Engineer-Doctoral 
Programs in 

Chemical Engineering Science 
Design and Polymer Engineering 

Research in 
Transport Processes - Turbulence- Multiphase Systems 

Pollution Modeling and Control - Combustion 

Chemical Reaction Engineering - Energy Conversion 

Membrane Separation Processes - Absorption - Extraction 

Polymerization Kinetics - Polymer Rheology and Processing 

Polymeric System Structure - Property Relationships 

For further information contact: 

Dean of Graduate Studies 
Stevens Instit ute of Technology 

Castle Point Station 
Hoboken , New Jersey 07030 

20 1- 420- 5234 

Steve ns In stitu tc of Tech no logy does not disc riminate on the basis of ra ce. co lor, sex, age. handicap, religion , national or ethnic or igin in 
the administratio n of it s educatio nal po lic ies, s, holarship and loa n program s, a nd a thleti cs and o ther Institute-adm inistered programs . 



:::::::::::::::::::::::::::::::::::::::~-------------------
=======~~:=:=.=-~~-~ 
--------------------~=--=:-.=:-.=:-.=:-.=:-.=:-.=:-.=:-_=:-.=:-.=:-.=:-.=:-.=:-.=:-.=:-.=:-.=:-:..=:--: 

~ ;;;;.--"° 

THE UNIVERSITY OF TENNESSEE, KNOXVILLE 

· Graduate Studies in 
Chemical, Metallurgical, and Polymer Engineering 

Programs 
Programs for the degrees of Master of 
Science and Doctor of Philosophy are 
offered in chemical engineering, 
metallurgical engineering and polymer 
engineering. The Master's program may 
be tailored as a terminal one with 
emphasis on professional develop
ment , or it may serve as preparation for 
more advanced work leading to the Doc
torate. 

Faculty 
William T. Becker 
Donald C. Bogue 
Charlie R. Brooks 
Duane D. Bruns 
Edward S. Clark 
Oran L. Culberson 
John F. Fellers 
George C. Frazier 
Hsien-Wen Hsu 
Homer F. Johnson, Department Head 
Stanley H. Jury 
Carl D. Lundin 
Peter J. Meschter 
Charles F. Moore 
Ben F. Oliver, Professor-in-Charge 

of Metallurgical Engineering 
Joseph J. Perona 
Joseph E. Spruiell 
E. Eugene Stansbury 
James L. White, Professor-in-Charge 

of Polymer Engineering 

FALL 1978 

Research 
Process Dynamics and Control 

Sorption Kinetics and Dynamics of 
Packed Beds 

Chromatographic and Ultracentrifuge 
Studies of Macromolecules 

Development and Synthesis of New 
Engineering Polymers 

Fiber and Plastics Processing 

Chemical Bioengineering 

X-Ray Diffraction, Transmission and 
Scanning Electron Microscopy 

Solidif ication , Zone Refining 

Welding 

Cryogenic and High Temperature 
Calorimetry 

Flow and Fracture in Metallic and 
Polymeric Systems 

Corrosion 

Solid State Kinet ics 

Financial Assistance 
Sources available include graduate 
teaching assistantships, research assis
tantships , and industrial fellowships. 

The University and 
Surroundings 
Close to the center of Knoxville, the 397 
acre campus combines a spacious en
vironment with urban convenience . The 
proximity of the Oak Ridge National 
Laboratory and the headquarters of the 
Tennessee Valley Authority encour
ages constructive interchange with the 

activities of this 30,000 student campus. 
The moderate Knoxville climate with 

the nearby Great Smoky Mountain Na
tional Park, Appalachian Trail , ski slopes 
and TVA lakes provides year round 
recreational challenges. The university 
and area communities offer a substan
tial program of cultural activities includ
ing a symphony orchestra , several the
ater companies and fine art museums as 
well as a wide assortment of rock con
certs, folk music, mountain festivals , etc . 

Write 
Department of Chemical , Metallurgical 

and Polymer Engineering 
The University of Tennessee 
Knoxville, Tennessee 37916 
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TEXAS A&M UNIVERSITY 

Texas A&M is a land-grant and sea-grant university, 
and the oldest public institution of higher learning in 
Texas. The current enrollment is about 30,000. The uni
versity location is Bryan / College Station, Texas- twin 
cities with a combined population of 122,000 (including 
students). The surrounding country is deciduous forest
Houston is 95 miles Southeast and Dallas is 160 miles 
North. 

CHEMICAL ENGINEERING DEPARTMENT 

The ChE department has an enrollment of about 850 
undergraduates and 70 graduates. ChE has excellent 
facilities in the Zachry Engineering Center. All gradu
ate students have desk space. Graduate stipends are 
currently $575 / month. 

Admission to The Texas A&M University System 
and any of its sponsored programs is open 
to qualified individuals regardless of race, color, 
religion, sex, national origin or educationally 

handicaps. 

FACULTY AND RESEARCH INTERESTS 

C. D. Holland (department head)-distillation 
R. G. Anthony- catalysis 
J . A. Bullin-pollution 
R. Darby- rheology 
R. R. Davison- solar energy 
L. D. Durbin-control 
P. T. Eubank- thermodynamics 
C. J. Glover- oil recovery 
K. R. Hall- thermodynam ics 
D. T. S. Hanson- biochemical 
W. B. Harris-methanol fuel 
J . C. Holste- polymers 
A. I. Liapis- adsorption 
A. D. Messina-heat transfer 
R. D. Ostermann- bio-mass 
A. T. Watson- simulation 
R. E. White-electrochemical 

FOR INFORMATION CONTACT: 

Graduate Advisor 
Chemical Engineering Dept. 
Texas A&M University 
College Station, TX 77843 

CHEMICAL ENGINEERING EDUCATION 
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M.S. and Ph.D. 
Programs in 
Chemical 
Engineering 
Faculty research interests 
include Aerosol Technology, 
Bioengineering, Combustion, 
Computer-Aided Design, 
Energy, Enviromental, 
Kinetics and Catalysis, 
Materials, Optimization, 
Polymer Engineering, 
Process Control, 
Process Engineering, 
Process Simulation, 
Surface Phenomena, 
Transport Processes. 

/or additional information: 

Graduate Advisor 
Department of Chemical Engineering· 
The University of Texas 
Austin, Texas 78712 
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Chemical 
Engineering 
at Virginia Polytechnic Institute 
and State University . . . 
applying chemistry to the needs of man. 

Study with outstanding professors in the land of 
Washington, Jefferson, Henry and Lee ... where 
Chemical Engineering is an exciting art. Some current 
areas of major and well-funded activity are, 

Renewable Resources 
chemical and microbiological processing, 
chemicals and polymers made from renewable 
resources 

Coal Science and Process Chemistry 
chemistry of prompt intermediates, reaction paths 
in coal liquefaction, fate of trace elements 

Coal Combustion Workshop 
small-scale systems, fate of trace elements, environ
mental controls 

Microcomputers, Digital Electronics, and Control 
digital process measurements, microcomputer 
interfacing, remote data acquisition, digital controls 

Polymer Science and Engineering 
processing, morphology, synthesis, surface science, 
biopolymers, membrane science 

Engineering Chemistry 
chemically pumped lasers, multiphase catalysis, 
chemical micro-engineering 

Biochemical Engineering 
synthetic foods, food processing, antibiotics, plant
cell tissue culture, fermentation processes and 
instrumentation, environmental engineering 

VPI&SU is the state university of Virginia with 20,000 
students and almost 5,000 engineering students ... 
located in the beautiful mountains of southwestern 
Virginia. White-water canoeing, skiing, backpacking, and 
the like are all nearby, as is Washington, D. C . and 
historic Williamsburg. 

Stipends to $8,000 (tax free) plus all fees. 

Write to: Dr. H. A. McGee, Jr., Department Head, 
Chemical Engineering Department, Virginia Polytechnic 
Institute and State University, Blacksburg, Virginia 
24061, or call collect (703) 961-6631. 

CHEMICAL ENGINEERING EDUCATION 



Chemical 
Engineering 

Energyf Engineering 
Coal Conversion 

Combustion 

Conversion of Solid Wastes to Low BTU Gas 

Environmental Engineering 
Sludge and Emulsion Dewatering 

S02 Scrubbing 

River & Lake Modeling 

Economic Impact of 

Environmental Regulations 

West VlrgIn1a 
Un1versIty 

Other! Topics 
Optimization 

Chemical Kinetics 

Separation Processes 

Surface and Collaid Phenomena 

Polymer Processing 

Fluidization 
Biochemical Engineering 

Transport Phenomena 
Utilization of Ultrasonic Energy 

Electrochemical Engineering 

M.S. and Ph.D. Programs 

For further information on financial aid write: 

FALL 1978 

Dr. J. D. Henry 

Department of Chemical Engineering 

West Virginia University 

Morgantown, West Virginia 26506 
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CHEMICAL 

ENGINEERING 

DEGREES: M.S., Ph.D. 
RESEARCH AREAS INCLUDE: 

• HEAT AND MASS TRANSFER 
• REACTION KINETICS AND CATALYSIS 
• PROCESS DYNAMICS AND CONTROL 
• PROCESS MODELING 

IN: COAL GASIFICATION, CHEMICALS FROM WOOD, ECOSYSTEM 
ANALYSIS, AND THEORETICAL STUDIES 

CONTACT: DR. WILLIAM J. HATCHER, JR., HEAD 
P.O. BOXG 
University, Alabama 35486 

AUBURN UNIVERSITY 
A Land Grant University of Alabama 

GRADUATE STUDY IN CHEMICAL ENGINEERING 
M.S. and PH.D. DEGREES 

CURRENT RESEARCH AREAS: 

• LIQUID FUELS FROM COAL 

• POROUS MEDIA 

• PROCESS CONTROL 

• BIOMEDICAL ENGINEERING 

• CRYSTAL GROWTH KINETICS 

• ENZYME ENGINEERING 

Financial Assistance: 

252 

Research and Teaching Assistantships, 

Industrial Fellowships Are Available 

• SOLIDS-LIQUID SEPARATION 

• TRANSPORT PHENOMENA 

For Further Information, Write: 

Head, Chemical Engineering Department 

Auburn University, Auburn, Alabama 36830 

CHEMICAL ENGINEERING EDUCATION 



THE UNIVERSITY OF AKRON 

DEPARTMENT OF 
CHEMICAL ENGINEERING 

AUBURN SCIENCE AND ENGINEERING CENTER 

GRADUATE STUDY AND RESEARCH 
IN CHEMICAL ENGINEERING 

RESEARCH AREAS: 
Applied Mathematics 
Biomedical 
Environmental 
Porous Media 
Rheology 
Polymer Processing 
Transport Processes 

FINANCIAL AID: 
Teaching Research Assistantships 
Fellowships Available 
Competitive Stipends 

FULL AND PART-TIME ENROLLMENT 

FOR FURTHER INFORMATION WRITE 
DEPARTMENT OF 

FALL 1978 

CHEMICAL ENGINEERING 
THE UNIVERSITY OF AKRON 
AKRON, OHIO 44325 

DUC LL 
BUCKNELL UNIVERSITY 

Department of 
Chemical Engineering 

MS 
R. E. Slonaker, Jr.,Chairman 
(Ph .D., Iowa State) .. Growth 
and properties of single crystals , 
high -temperature calorimetry, 
vapor-liquid equilibria in · 
ternary systems . 

M . E. Hanyak, Jr. (Ph .D. , 
University of Pennsylvania) . 
Computer-aided design and 
instruction . problem-oriented 
languages , numerical analysis . 

F. W . Koko, Jr. (Ph .D , 
Lehigh University) Optimization 
algorithms . fluid mechanics and 
rheology , direct digital control. 

IM 

J. M. Pommersheim 
(Ph .D., University of 
Pittsburgh) . Cata lyst 
deactivation , reaction 
analysis , mathematical 
modeling , and diffusion 
with reaction and phase 
change . 

W . J . Snyder (Ph .D., 
Pennsylvania State 
University) . Catalysis, 
polymerizati on , 
thermal analysis , 
development of specific 
ion electrodes, 
microprocessors, and 
instrumentation . 

who hold undergraduate degrees in one of the natural 
sciences or mathematics should contact the department 
chairman regarding e ligibili ty for graduate study. 

Fellowships and teaching and research assistantships 
are available . 
Lewisburg , located in the center of Pennsylvania , 
provides the attraction of a rural setting while 
conveniently located within 200 miles of New York , 
Philadelphia, Washington , D.C ., and Pittsburgh . 

For further information, write or phone: 
Coordinator of Graduate Studies 

Bucknell University 
Lewisburg , PA 17837 

.,___ _ ___ ___ 717-524-1304 _ _____ _. 

253 



254 

Gerald R. Cysewski 
Henri J. Fenech 
Husam Gurol 
Owen T. Hanna 

UNIVERSITY OF CALIFORNIA 

SANT A BARBARA 

CHEMICAL AND NUCLEAR ENGINEERING 

John E. Myers 

Duncan A. Mellichamp 
Glenn E. Lucas 

G. Robert Odette 
A. Edward Profio 
Robert G. Rinker 
Orville C. Sandall 
Dale E. Seborg 

For information, please write to: Department of Chemical and Nuclear Engineering 
University of California, Santa Barbara 93106 

CINCINNATI 
DEPARTMENT OF CHEMICAL AND NUCLEAR ENGINEERING 

M.S. AND PH.D DEGREES 

-Major urban educational center 
-New, prize-winning laboratory building and 

facilities-Rhodes Hall 
-National Environmental Research Center {EPA) adjacent 

to campus 
-Major computer facilities: digital, analog, hybrid 
-Graduate specialization in-process dynamics & control, 

polymers, applied chemistry, systems, foam fraction
ation, air pollution control, biomedical, power gen
eration, heat transfer. 

Inquiries to: Dr. David B. Greenberg, Head 
Dept. of Chemical & Nuclear Engineering (0620) 
University of Cincinnati 
Cincinnati, Ohio 45221 

CHEMICAL ENGINEERING EDUCATION 



Graduate Study 
in Chemical Engineering 
Degrees Offered M.S. and Ph.D. Programs are available for persons in 
Chemical Engineering or related fields. 

Research Areas Energy Storage and Conservation • Polymer Processing • 
• Environmental Pollution Control• Chemical Reaction Kinetics and Reactor 

Design • Process Dynamics • Non-Newtonian Fluid Mechanics • Mem
brane Transport Processes• Thermodynamics 

Faculty F.C. Alley• W.B. Barlage· J.N. Beard• W.F. Beckwith• D.D. Edie• 
J.M. Haile· R.C. Harshman • S.S. Melsheimer• J.C. Mullins• R.W. Rice• 
W.H. Talbott 

Clemson University Clemson University is a state coeducational land
grant university offering 78 undergraduate fields of study and 54 areas of 
graduate study in its nine academic units which include the College of 
Engineering . Present on-campus enrollment totals about 10,300 students 
which includes about 1,500 graduate students. The campus, which com
prises 600 acres and represents an investment of approximately $139 
million in permanent facilities, is located in the northwestern part of South 
Carolina on the shores of Lake Hartwell. 

For Information For further information and a descriptive brochure, write 
D.D. Edie, Graduate Coordinator, Department of Chemical Engineering, 
Clemson University, Clemson, SC 29631 . 

THE CLEVELAND STATE UNIVERSITY 
DOCTOR OF ENGINEERING 

MASTER OF SCIENCE PROGRAM IN 

CHEMICAL ENGINEERING 

AREAS OF SPECIALIZATION 
Transport Processes 

Porous Media 

Bioengineering Simulation Processes 
Zeolites 

The program may be designed as terminal or as preparation for further advance study leading to the 
doctorate. Financial assistance is available. 

FALL 1978 

FOR FURTHER INFORMATION, PLEASE CONTACT: 
Department of Chemical Engineering 

The Cleveland State University 
Euclid Avenue at East 24th Street 

Cleveland, Ohio 44115 
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The University of Colorado offers excellent opportunities for graduate study and research leading to 
the Master of Science and Doctor of Philosophy degrees in Chemical Engineering 

faculty 
T. F. ANDERSON 
J . P. BELL 
C. 0. BENNETT 
R. W. COUGHLIN 
M. B. CUTLIP 
A. T. DiBENEDETTO 
G. M. HOWARD 
H. E. KLEI 
M. T. SHAW 
R. M. STEPHENSON 
L. F. STUTZMAN 
D. W. SUNDSTROM 

Air Pollution 
Bioengineering 
Catalysis 
Cryogenics 
Design 
Energy Applications 
Environmental Applications 
Fluid Mechanics 
Heat Transfer 
Kinetics 
Polymers 
Process Control 
Thermodynamics 
Water Pollution 

For application and information, 
write to: 

Chairman, Graduate Committee 
Chemical Engineering Department 

University of Colorado 
Boulder, Colorado 80309 

programs 
M.S. and Ph.D. programs covering 
most aspects of Chemical Engineering. 

Research projects concentrate in 
four main areas: 

KINETICS AND CATALYSIS 
POLYMERS AND COMPOSITE MATERIALS 
PROCESS DYNAMICS AND CONTROL 
WATER AND AIR POLLUTION CONTROL 
BIOCHEMICAL ENGINEERING 

financial aid - Research and Teaching Assistantships, Fellowships 

location - Beautiful setting in rural Northeast Connecticut, 
convenient to Boston, New York, and Northern New England 

We would like to tell you much more about the opportunities 
for an education at UCONN, please write to: 

Graduate Admissions Committee 
Department of Chemical Engineering 
The University of Connecticut 
Storrs, Connecticut 06268 

CHEMICAL ENGINEERING EDUCATIO?i. 



DREXEL UNIVERSITY 
M.S. and Ph.D. Programs in Chemical Engineering 

Faculty 

D. R. Coughanowr 
E. D. Grossmann 
Y. Lee 
R. Mutharasan 
J. A. Tallmadge 
J. R. Thygeson 
C. B. Weinberger 

Consider: 

High faculty/ student ratio 
Excellent facili,ties 

Research Areas 

• Biochemical Engineering 
• Chemica l Reactor/ Reaction Engineering 
• Coal Conversion Technology 
• Mass and Heat Transport 
• Polymer Processing 
• Process Control and Dynamics 
• Rheology and Fluid Mechanics 
• Systems Analysis and Optimization 
• Thermodynamics and Process Energy Analysis 

Outstanding location for cultural activities and job opportunities 
Full time and part time options 

Write to: 

Department of Chemical Engineering 
Drexel University 
Philadelphia, PA 19104 

FACULTY 

Hugo S. Caram 
Marvin Charles 
Curtis W. Clump 
Mohamed EI-Aasser 
William L. Luyben 
Anthony J. McHugh 
Laszlo K. Nyiri 
William E. Schiesser 
Cesar Silebi 
Leslie H. Sperling 
Fred P. Stein 
Leonard A. Wenzel 

FALL 1978 

LEHIGH UNIVERSITY 
Department of Chemical Engineering 

Whitaker Laboratory, Bldg. 5 
Bethlehem, Pa. 18015 

RESEARCH CONCENTRATIONS 

Polymer Science & Engineering 
Fermentation, Enzyme Engineering, 

Biochemical Engineering 
Process Simulation & Control 
Catalysis & Reaction Engineering 
Thermodynamic Property Research 
Energy Conversion Technology 
Appl ied Heat & Mass Transfer 
Fluid Mechanics 

SPECIAL PROGRAMS 

M.Eng. Program in Design 
M.S. and Ph.D. Programs in 

Polymer Science & Engineering 

FINANCIAL AID 

Of course. 

WRITE US FOR DETAILS 
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Graduate Enrollment - 70 

Faculty - 15 

• Bioengineering 
• Pollution Control 

• Process Dynamics 
• Computer Control 

• Kinetics and Catalysis 
• Thermodynamics 

• Ecological Modeling 

Write: Chemical Engineering Department • Sugar Technology· 
Louisiana State University 
Baton Rouge, Louisiana 70803 

LINIVERSITY OF MAINE at Orono 

GRADUATE STUDY IN CHEMICAL ENGINEERING 
M.S. and Ph.D. Programs 

• Pulp & Paper Processing 
• Polymers 

• Process Control 
• nstrumentation 

• Food Processing 

• Energy Sources & Conversion . 
• Fluid Dynamics . 

• Wood Conversion Reactions 
• Applied Surface Chemistry 

• Heat & Mass Transfer 

Graduate Study Brochu r Available on Request 

WRITE: A. L. Fricke, Chairman 
Department of Chemical Engineering 
University of Maine at Orono 
Orono, ME 04473 

CHEMICAL ENGINEERING EDUCATION 



McMASTER UNIVERSITY 
Hamilton, Ontario, Canada 

M. ENG. & PH.D. PROGRAMS 

THE FACULTY AND THEIR INTERESTS 
R. 8 . ANDERSON ________ Catalysis, Adsorption, Kinetics 
M. H. I. BAIRD _________ Oscillatory Flows, Transport Phenomena 
A. BENEDEK Wastewater Treatment, Novel Separation Techniques 
J. L. BRASH Polymer Chemistry, Use of Polymers in Medicine 
C. M. CROWE Simulation, Optimization, Chemical Reaction Engineering 
I. A. FEUERSTEIN Biological Fluid Flow and Mass Transfer 
A. E. HAMIELEC Polymer Feactor Engineering, Transport Processes 
T. W. HOFFMAN Heat Transfer, Chemical Reaction Engr., Simulation 
J. F. MACGREGOR Statistical Methods in Process Analysis, Computer Control 
K. L. MURPHY Wastewater Treatment, Physicochemical Separations 
L. W. SHEMILT Mass Transfer, Corrosion, Electrochemical Processes 
P. A. TAYLOR Hierarchical Direct Dig ital Control of Distributed Chemical Processes 
J. VLACHOPOULOS Process Rheology and Processing, Transport Processes 
D. R. WOODS lnterfacial Phenomena, Process Engineering 
J . D. WRIGHT Process Simulation and Control, Computer Control 
S. VIJAYAN nterfacial Phenomena, Transport Processes, Emulsions, Surfactants 

DETAILS OF FINANCIAL ASSISTANCE AND ANNUAL 
RESEARCH REPORT AVAILABLE UPON REQUEST 

CONTACT: Dr. A. E. Hamielec, Chairman, 
Department of Chemical Engineering 
Hamilton, Ontario, Canada LBS 4L7 

~~~~~~~tTu;~~~NEERING AT MICHIGAN STATE UNIVERSITY 
The Department of Chemical Engineering of Michigan State University has assistantships and fellowships 
available for students wishing to pursue advanced study. With one of these appointments it is possible 
for a graduate student to obtain the M.S. degree in one year and the Ph.D. in two additional years. 
ASSISTANTSHIPS: Teaching and research assistantships pay $556 per month to a student studying for the 
M.S. degree and approx imately $600 per month for a Ph .D. candidate. A thesis may be written on the 
subject covered by the research assistantship. Students must pay resident tuition, but the additional 
non-resident fee is waived. 
FELLOWSHIPS: Available appointments pay to to $8,000 plus tuition and fees. 
CURRENT FACULTY AND RESEARCH INTERESTS 

D. K. Anderson, Chairman 
Ph.D., University of Washington 

Transport Phenomena, Biomedical Engineering, Cardio
vascular Physiology 

C. M. Cooper 
Sc.D. , Massachusetts Institute of Technology 

Thermodynamics and Phase Equilibria, Modeling of Trans• 
port Processes 

A. L. DeVera 
Ph.D., Un ive rsity of Notre Dame 

Chemical & Catalytic Reaction Engineering Transport, 
Properties of Random Heterogeneous Media and Applied 
Mathematics 

E. A. Grulke 
Ph.D., Ohio State University 

Food Engineering, Polymer Science, Polymer Engineering 
M. C. Hawley 
Ph.D., Michigan State University 

FALL 1978 

Porous Media Transport, Kinetics, Catalysis, Plasmas, and 
Reaction Engineering 

K. Jayaraman 
Ph.D., Princeton Un iversity 

Process Dynamics and Control, Nonlinear Rheological 
Models of Polymeric Materials, Nonlinear System Theory 

C. A. Petty 
Ph.D., University of Florida 

Turbulence, Stability and Transport in Fluidized Beds, 
Separations 

B. W. Wilkinson 
Ph.D., Ohio State Un iversity 

Energy Systems and Environmental Control, Nuclear Re
actor and Radioisotope Applications 

P. E. Wood 
Ph.D., California Institute of Technology 

Turbulent Transport Phenomenon, Mathematics Modeling, 
Applied Mathematics and Numerical Methods 

For additional information write: 
Dr. Donald K. Ande son, Chairman 
Department of Chemical Engineering 
197 Engineering Building 
Michigan State University 
East Lansing, Michigan 48824 
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DO YOUR GRADUATE WORK AT MICHIGAN TECH ... 

WORK AND STUDY 
•.• with a select faculty 
... the best equipment 
... surrounded by forests and lakes 

DEGREES OFFERED : 
M.S. in Chemical Engineering 

studies in advanced thermodynamics, reaction kinetics, transport phenomena, instrumentation, unit operations, and 
chemical processing. 

M,S, and Ph.D. in Chemistry 
specialization in organic, inorganic, physical and analytical chemistry, and in biochemistry. 

Financial assistance available in the form of fellowships and assistantships. 

For more information write: 

H. El Khadem, Head 
Department of Chemistry and Chemical Engineering 
Michigan Technological University 
Houghton, Michigan 49931 

Michigan Technological University is an equal opportunity educational institution / equal opportunity employer. 
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UNIVERSITY OF MISSOURI - COLUMBIA 

DEPARTMENT OF CHEMICAL ENGINEERING 

Studies Leading to M.S. and PhD. 
Degrees 

Research Areas 

Air Pollution Monitoring and Control 
Biochemical Engineering and Biological Stabilization of Waste Streams 

Biomedical Engineering 
Catalysis 

Energy Sources and Systems 
Environmental Control Engineering 

Heat and Mass Transport Influence by Fields 
Newtonian and Non-Newtonian Fluid Mechanics 

Process Control and Modelling of Processes 
Single-Cell Protein Research 

Themodynamics and Transport Properties of Gases and Liquids 
Transport in Biological Systems 

WRITE: Dr. George W. Preckshot, Chairman, Department of Chemical Engineering, 1030 Engineering Bldg., 
University of Missouri, Columbia, MO 65201 

UNIVERSITY OF NEBRASKA 

OFFERING GRADUATE STUDY AND RESEARCH 
I N THE AREAS OF: 

air pollution 
bio-mass conversion 
coal tar utilization 
energy conversion 
kinetics 

micro-processor applications and 
digital control 

polymerization 
thermodynamics 
others 

FOR APPLICATION AND INFORMATION ON 
FINANCIAL ASSISTANCE PLEASE WRITE TO: 

Prof. L. C. TAO, Chairman, Department of Chemical Engineering, 
University of Nebraska, Lincoln, Nebraska 68588 
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THE UNIVERSITY OF NEW MEXICO 
M.S. and Ph.D. Graduate Studies in Chemical Engineering 

Offering Research Opportunities in 
Coal Gasification 
Desalination 
Synthetic Fuels-In Situ 

Technology 
Aerosol Physics 
Catalysis 
Mini Computer Applications to 

Process Control 
Multi Phase Flow 
Process Simulation 
Hydro-Metallurgy 
Radioactive Waste Management 

... and more 

Enjoy the beautiful Southwest and the hospitality of Albuquerque! 

For further information, write: 

E. James Davis, Chairman 
Dept. of Chemical and Nuclear Engineering 
The University of New Mexico 
Albuquerque, New Mexico 87131 

Graduate study 
toward 
M.S. degrees 
in 
chemical engineering 

Major energy research center: 

• solar • petroleum 

• bioconversion • geothermal 

Financial assistance available. 
Special programs for students with B.S. degrees in other 
fields. 

For applications and information: 
Dr. John T. Patton, Head, Department of Chemical Engineer
ing, Box 3805, New Mexico State University, Las Cruces, 
New Mexico 88003. 

CHEMICAL ENGINEERING EDUCATION 



NORTHWESTERN UNIVERSITY 
GRADUATE PROGRAMS IN CHEMICAL ENGINEERING 

RESEARCH AREAS 
Catalysis 
Reaction Engineering 
Phase Equilibria 
Thermodynamics 
Energy Conversion 
Applied Mathematics 
Process Modeling 

FACULTY 

Faculty and Research Activities: 
S. G. Bankoff 
G. M. Brown 
J. B. Butt 
S. H. Carr 
W. C. Cohen 
B. Crist 
J . S. Dranoff 
T. K. Goldstick 
W. W. Graessley 
H. M. Hulburt 
H. H. Kung 
R. S. H. Mah 
J. C. Slattery 
W. F. Stevens 
G. Thodos 

Boiling Heat Transfer, Two-Phase Flow 
Thermodynamics, Process Simulation 
Chemical Reaction Engineering, Applied Catalysis 
Solid State Properties of Polymers, Biodegradation 
Dynamics and Control of Process Systems 
Polymers in the Solid State 
Chemical Reaction Engineering, Chromatographic Separations 
Biomedical Engineering, Oxygen Transport 
Polymer Rheology, Polymer Reaction Engineering 
Analysis of Chemical and Physical Processes 
Catalyst Behavior, Properties of Oxide Surfaces 
Computer-Aided Process Planning, Design and Analysis 
Transport and lnterfacial Phenomena 
Process Optimization and Control, Computer Applications 
Properties of Fluids, Coal Processing, Solar Energy 

Financial support is available 

For information and application materials, write: 

Professor William F. Stevens, Chairman 
Department of Chemical Engineering 
Northwestern University 
Evanston, Illinois 60201 

eltemieal engineering at 
Notre 'lJame 

The University of Notre Dame offers programs of graduate study 

leading to the Master of Science and Doctor of Philosophy degrees 

in Chemical Engineering. The requirements for the master's degree 

are normally completed in one calendar year. The doctoral program 

usually takes three years of full-time study. 

A variety of financially attractive fellowships and assistantships are 

available to outstanding students pursuing either program. 

J. T. Banchero, Chairman 
J. J. Carberry 

For further information, write to 

Director of Graduate Studies 

Department of Chemical Engineering 

University of Notre Dame 

J.P. Kohn 
K. D. Luks 
W. C. Strieder 
A. Varma 
E. E. Wolf 

FALL 1978 

Notre Dame, Indiana 46556 
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The Ohio State University 

Chemical Engineering 
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M.Sc. and Ph.D. Programs 
The Ohio State University 

140 West 19th Avenue 
Columbus, OH 43210 

M.S. and Ph.D. Degrees in Chemical Engineering 

[]]§00 
For information and 
applications, write: 

· Dr. Billy L. Crynes 

Head 
School of Chemical 

Engineering 
423 Engineering North 

Oklahoma State 
University 

Stillwater, Oklahoma 
74074 

Oklahoma State University 
Areas of Research Specialization 

Thermodynamics 

Transport properties 

Stagewise operations 

Heat transfer and fluid mechanics 

Computer applications 

Process design, synthesis and analysis 

Energy production, conversion and conservation 

The Physical Properties Laboratory cooperates closely with the 
School of Chemical Engineering in its research programs. 

CHEMICAL ENGINEERING EDUCATION 



FIE 
UNIVERSITY 
OF 

OKLAHOMA 
WRITE TO: 
THE SCHOOL OF CHEMICAL ENGINEERING 
AND MATERIALS SCIENCE 

The University of Oklahoma 
Engineering Center 
202 W. Boyd Room 23 
Norman, Oklahoma 73069 

• CATALYSIS 
• CORROSION 
• MEMBRANE SEPARATIONS 
• DESIGN 
• POLYMERS 
• METALLURGY 
• THERMODYNAMICS 
• RATE PROCESSES 
• ENZYME TECHNOLOGY 
• BIOMASS CONVERSION 
• STATISTICAL MECHANICS 

OREGON ST A TE UNIVERSITY 
Chemical Engineering 

M.S. and Ph.D. Programs 
FACULTY 

' T. J. Fitzgerald - Control, Fluidization, Mathematical 
Models 

F. Kayihan - Process Systems Simulation and 
Analysis 

J. G. Knudsen -Heat and Momentum Transfer, Two
Phase Flow 

0. Levenspiel - Reactor Design, Fluidization 
R. E. Meredith - Corrosion, Electrochemical Engineer

ing 
R. V. Mrazek - Thermodynamics, Applied Mathe

matics 
C. E. Wicks - Mass Transfer, Wastewater Treatment 

An informal atmosphere with oppor,tunity for give and take with faculty and for joint work with 
the Pacific Northwest Environmental Research Laboratory (EPA), Metallurgical Research Center of the U.S. 
Bureau of Mines, Forest Product Laboratory, Environmental Health Science Center and the School of 
Oceanography. The location is good-in the heart of the Willamette Valley-60 miles from the rugged 
Oregon Coast and 70 miles from good ski ing or mountain climbing in the high Cascades. 

FALL 1978 

For further information, write: Chemical Engineering Department, 
Oregon State University 
Corvallis, Oregon 97331 
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M.A.Sc. and Ph.D. programs in: 

energy storage ... extraction ... process 
control ... enhanced oil recovery ... 
reverse osmosis ... kinetics and 
catalysis ... porous media ... non
Newtonian flow ... thermodynamics . 
solar energy ... experimental design .. . 
polymer modification ... pulp & paper .. . 
phase equilibria 

UNIVERSITY OF OTTAWA 

FACULTY 

CHEMICAL ENGINEERING 
OTTAWA, ONTARIO, CANADA 
KlN 9B4 - phone (613)231-3476 

J. A. Golding, Ph.D. (Toronto) 
W. Hayduk, Ph.D. (UBC) 
V. Hornof, Ph.D. (SFU) 
W. Kozicki, Ph.D. (Caltech) 
B.C.-Y. Lu, Ph.D. (Toronto) 
R. S. Mann, Ph.D. (Hull) 
D. D. Mclean, Ph.D. (Queens) 
G. H. Neale, Ph.D. (Alberta) 
S. Sourirajan, Ph.D. (Bombay), D. Eng. (Yale) 
F. D. F. Talbot, Ph.D. (Toronto), Chairman 

who should be contacted for further 
information. 

COME AND JOIN US IN THE EXCITING ENVIRONMENT OF CANADA'S NATIONAL CAPITAL 

Princeton 
University M.S.E. AND Ph.D. PROGRAMS IN CHEMICAL ENGINEERING 

RESEARCH AREAS 

Atmospheric Aerosols; Biochemical Engineering; Ca,talysis; Chemical Reactor / Reaction Engineering; 
Computer-Aided Design; Energy Conversion and Fusion Reactor Technology; Engineering Physiology; 
Environmental Studies; Fluid Mechanics and Rheology; Mass and Momentum Transport; Molecular 
Beams; Polymer Materials Science and Rheology; Process Control and Optimization; Thermodynamics 
and Phase Equilibria. 

FACULTY 

Ronald P. Andres, Robert C. Axtmann, Robert L. Bratzler, Joseph M. Calo, John K. Gillman, Carol K. 
Hall, Ernest F. Johnson, Morton D. Kostin, Bryce Maxwell, Robert G. Mills, David F. Ollis, Robert K. 
Prud'homme, Ludwig Rebenfeld, William B. Russel, Dudley A. Saville, William R. Schowalter, Chair
man. 

WRITE TO 
Director of Graduate Studies 
Chemical Engineering 
Princeton Univenity 
Princeton, New Jeney _08540 

CHEMICAL ENGINEERING EDUCATION 



~een's University 
Kingston, Ontario, Canada 

Graduate Studies in Chemical Engineering 
MSc and PhD Degree Programs 

D. W. Bacon PhD (Wisconsin) 

H. A. Becker ScD (MIT) 

D.H.BonePhD~ondon 

S. C. Cho PhD (Imperial College) 

R. H. Clark PhD (Imperial College) 

R. K. Code PhD (Cornell) 

J. Downie PhD (Toronto) 

E.W. Grandmaison Ph.D. (Queen's) 

C. C. Hsu PhD (Texas) 

T. R. Warriner ScD (Johns Hopkins) 

B. W. Wojciechowski PhD (Ottawa) 

• Waste Processing 
water and waste treatment 

applied microbiology 

biochemical engineering 

• Chemical Reaction 
Engineering 

catalysis 

statistical design 
polymer studies 

• Transport Processes 
combustion 

fluid mechanics 

heat & mass transfer 

Write: 
Dr. Henry A. Becker 
Department of Chemical 
Engineering 
Queen's University 
Kingston, Ontario 
Canada 

UNIVERSITY OF ROCHESTER 

The Faculty 

ROCHESTER, NEW YORK 14627 
MS & PhD Programs 

H. Brenner, Eng. Sc. D., 1957, New York Fluid Mechanics, Transport Processes 
G. R. Cokelet, Sc. D., 1963, MIT Blood & Suspension Rheology, Biotechnology 
B. E. Dahneke, Ph.D., 1967, Minnesota Aerosols, Surface Phenomena, Biotechnology 
T. L. Donaldson, Ph.D., 1974, Pennsylvania Enzymes, Biotechnology, Mass Transfer 
R. F. Eisenberg, M.S., 1948, Rochester Corrosion, Physical Metallurgy 
M. R. Feinberg, Ph.D., 1968, Princeton Complex Reaction Systems, Continuum Mechanics 
J. R. Ferron, Ph .D., 1958, Wisconsin Molecular Transport Processes, Applied Mathematics 
J. C. Friedly, Ph.D., 1965, California (Berkeley) Process Dynamics, Control, Cryogenics 
R. H. Heist, Ph.D., 1972, Purdue Nucleation, Solid State, Atmospheric Chemistry 
K. C. D. Hickman, Ph.D., 1925, London Boiling & Condensation Phenomena, Distillation 
H.J. Palmer, Ph.D., 1971, Washington (Seattle) lnterfacial Phenomena, Mass Transfer 
H. Saltsburg, Ph.D., 1955, Boston Surface Phenomena, Catalysis, Molecular Scattering 
W : D. Smith, Jr., D.Eng., 1963, Yale Catalysis & Reactor Design, Computer Applications 

' G: J., Su, Sc. D., 1937, MIT Colloidal & Amphorous States, Glass Science 

For information write: H. Brenner, Chairman 
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• Interested in advanced studies for the M.S., 
Eng. or Ph.D. degree in Chemical Engineering? 

• Interested in a dynamic and growing depart
ment in one of the world's great climates and 
metropolitan areas? 

• If so, write for further information about 
the program, financial support, and applica
tion forms to: 

Graduate Admissions 
Department of Chemical Engineering 
University of Southern California 
University Park, PCE Building 205 
Los Angeles, CA 90007 

FACULTY: 

ANDREAS ACRIVOS (Ph.D., 1954, Minnesota) 
Fluid Mechanics. 

MICHEL BOUDART (Ph.D., 1950, Princeton) 
Kinetics & Catalysis. 

CURTIS W. FRANK {Ph.D., 1972, Illinois) 
Polymer Science. 

GEORGE M. HOMSY (Ph.D., 1969, Illinois) 
Fluid Mechanics & Stability. 

UNIVERSITY OF SOUTHERN CADIFORNIA 
Los Angeles 

Graduate Study in Chemical Engineering 
FACULTY 

WENJI VICTOR CHANG 
(Ph.D., Ch.E., Caltech, 1976) 
Rheological properties of polymers and 
composites, adhesion 
ALFRED J. CHOMPFF 
(Ph.D., Phys. Chem., Delft, 1965) 
Mechanical properties of polymers, 
thermosets and composites, polymerization 
engineering 
JOE D. GODDARD 
(Ph.D., Ch.E., U.C. Berkeley, 1962) 
Rheology and mechanics of non-Newtonian 
fluids and composite materials, transport 
processes 
LYMAN L. HANDY 
(Ph.D., Phys. Chem., U. of Wash., 1951) 
Fluid flow through porous media and 
petroleum reservoir engineering 
FRANK J. LOCKHART 
(Ph.D., Ch.E., U. of Mich., 1943) 
Distillation, air pollution, design of 
chemical plants 
CHARLES J. REBERT 
(Ph.D. , Ch.E., Ohio State U., 1955) 
High pressure vapor-liquid equilibria, 
two-phase flow, liquid thermal conducticity 

RONALD SALOVEY 
(Ph.D., Phys. Chem., Harvard, 1958) 
Physical chemistry of polymers, polymer 
characterization, irradiation of polymers 

THEODORE T. TSOTIS 
(Ph.D., Ch.E., U. of Ill., Urbana, 1978) 
Chemical reaction engineering, process 
dynamics and control 

JAMES M. WHELAN 
(Ph.D., Chem., U.C. Berkeley, 1952) 
Thin Films 111-V, heterogenous 
catalysis, sintering processes 

TEH FU YEN 
(Ph.D., Organic and BioChem., V.P.I., 1956) 
Biomaterials, energy resources, 
environmental science, fossil fuels, 
oil shales, coals and petroleum, 
biochemical engineering, chemical 
comminution 

YANIS C. YORTSOS 
(Ph.D., Ch.E., Caltech, 1978) 
Mathematical modelling and transport 
processes, flow in porous media and 
thermal oil recovery methods 

CHEMICAL ENGINEERING 
AT 

STANFORD UNIVERSITY 
ROBERT J. MADIX (Ph.D., 1964, U. Cal-Berkeley) 
Surface Reactivity. Stanford University offers programs of study and 

research leading to master of science and doctor of 
philosophy degrees in chemical engineering with a 
number of financially attractive fellowships and as
sistantships available to outstanding students pursuing 
either program. 

DAVID M. MASON (Ph.D., 1949, Cal Tech) 
Applied Thermodynamics & Chemical Kinetics. 

ALAN S. MICHAELS, (Sc.D., 1948, M.I.T.) 
Membrane Separation Processes. 

CHANNING R. ROBERTSON (Ph.D., 1969, Stanford) 
Bioengineering. 

LECTURERS & CONSULTING FACULTY: 
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RICHARD E. BALZHISER, E.P.R.I., 
Palo Alto, CA (Ph.D., 1961, Michigan) 
Heat Transfer & Thermodynamics. 

ROBERT H. SCHWAAR, S.R.I., Menlo Park, CA. 
(Ph.D., 1956, Princeton) 
Technological Development & Process Design. 

For further information and application blanks, write 
to: 

Admissions Chairman 
Department of Chemical Engineering 
Stanford University 
Stanford, California 94305. 

"j••c:.,. I IR ,VI ~ 

. ' . 
!I .. ' ~-,, ~ 
• ,,· . \~ /I 
~". "'··~ ""'•--Closing date for applications is Feb. 15, 1979. 
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Chemical Engineering 

State University of New York at Buffalo 
Academic programs for MS and PhD candidates are designed to 
provide depth in chemical engineering fundamentals while 
preserving the flexibility needed to develop special areas of 
interest. The Department also draws on the strengths of being 
pa rt of a large and diverse university center. This environment 
stimulates interdisciplinary interactions in teaching and re
search. The new departmental facilities offer an exceptional 
opportunity · for students to develop their research skills and 
capabilities. These features combined with year-round recrea
tional activities afforded by the Western New York country
side, and numerous cultural activities cente.red around the 
City of Buffalo, make SUNYAB an especially attractive place 
to pursue graduate studies. 

Faculty and Research Interest 
D. R. Brutvan __________________________ Staged operations 
P. Ehrlich _____________________ Polymeric materials, polymerization 
W. N. Gill -------------------------------------- Reverse osmosis, dispersion, fluidization 
R. J. Good ________ ________ Surface phenomena, tertiary oil recovery, adhesion 
K. M. Kiser _______________ _ ______ Fluid mechanics, turbulence 
E. Ruckenstein _____________________ Catalysis, interfacial phenomena, bioengineering 
M. Ryan ________________ Non-Newtonian fluid mechanics, polymer processing 
P. Stroeve ________________ Transport, surface science, biomedical engineering 
J. J. Ulbrecht --------------------------------- Rheology of dispersed systems, mixing 
T. W. Weber --------------------------------- Process control, dynamics of adsorption 
S. W. Weller ___________________________ Catalysis, coal conversion 
R. T. Yang __________________ Catalysis, coal conversion, chemical kinetics 
D. W. Zabriskie __________________ Biochemical engineering, process dynamics 

Further information may be obtained by writing Profess 
or J. Ulbrecht-Chairman, Department of Chemical Engi-
neering, State University of New York at Buffalo, Amher 
st, NY 14260. 

CHEMICAL ENGINEERING 
GRADUATE STUDY IN 

SYRACUSE UNIVERSITY 
RESEARCH AREAS 

Water Renovation 
Biomedical Engineering 
Membrane Processes 
Desalination 

Transport Phenomena 
Polymer Characterization 
Mathematical Modeling 
Fluid-Particle Separation 

FACULTY 

Allen J. Barduhn 
George C. Martin 
Philip A. Rice 
S. Alexander Stern 

Gopal Subramanian 
Chi Tien 
Chiu-Sen Wang 

Syracuse University is a private coeducational university located on a 640 acre campus situated among 
the hills of Central New York State. A broad cultural climate which encourages interest in engineering, 
science, the social sciences, and the humanities exists at the university. The many diversified activities 
conducted on the campus provide an ideal environment for the attainment of both specific and general 
educational goals. 

As a part of this medium sized research oriented university, the Department of Chemical Engineering 
and Materials Science offers graduate education which continually reflects the broadening interest of the 
faculty in new technological problems confronting society. Research, independent study and the general 
atmosphere within the Department engender individual stimulation. 

FELLOWSHIPS AND GRADUATE ASSISTANTSHIPS AVAILABLE 
FOR THE ACADEMIC YEAR 1978-1979 

For Information: Stipends: 
Contact: Chairman 

FALL 1978 

Department of Chemical Engineering 
and Materials Science 
Syracuse University 
Syracuse, New York 13210 

Stipends range from $3, l 00 to $6,750 
with most students receiving at least 
$4,400 per annum in addition to remit
ted tuition privileges. 
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The University of Toledo 
Graduate Study Toward the 

M .S. and Ph.D. Degrees 
Assistantships and Fellowships Available. 

CHEMICAL ENGINEERING 

EPA Traineeships in Water Supply and 
Pollution Control. 

For more details write: 

Dr. Leslie E. Lahti 
Department of Chemical Engineering 

The University of Toledo 
Toledo, Ohio 43606 

M.S. AND Ph.D. PROGRAMS 

TUFTS UNIVERSITY 

CURRENT RESEARCH TOPICS 

Metropolitan Boston 

RHEOLOGY 
OPTIMIZATION 
CRYSTALLIZATION 
POLYMER STUDIES 
MEMBRANE PHENOMENA 
CONTINUOUS CHROMATOGRAPHY 
BIO-ENGINEERING 
MECHANO-CHEMISTRY 
PROCESS CONTROL 

FOR INFORMATION AND APPLICATIONS, WRITE: 

PROF. K. A. VAN WORMER, CHAIRMAN 

DEPARTMENT OF CHEMICAL ENGINEERING 
TUFTS UNIVERSITY 
MEDFORD, MASSACHUSETTS 02155 

CHEMICAL ENGINEERING EDUCATION 



STUDY WITH US AND ENJOY NEW ORLEANS TOO! 

DEPARTMENT OF CHEMICAL ENGINEERING 
TULANE UNIVERSITY 

A Vigorous Faculty 
Meaningful Research 
Excellent Facilities 
The Good Life 

For Additional Information, 
Please Contact 

Robert E. C. Weaver, Head 
Department of Chemical 

Engineering 
Tulane University 
New Orleans, Louisiana 

70118 

THE FACULTY: 
Raymond V. Bailey, Ph.D. (LSU) ---~ystems Engineering, Applied Math, 

Energy Conversion 
Thomas R. Hanley, Ph.D. (Virginia Kinetics and Reactor Design, Polymer 
Polytechnic Institute & State _____ Systems, Wastewater Control, 
University) Energy Recovery Systems 
James M. Henry, Ph.D. (Princeton) Chemical Kinetics, Chemical Reactor 

Analysis, Process Energy Efficiency, 
Advanced Energy Conversion 

Daniel B. Killeen, Ph.D. (Tulane) -----Use of Computers in Engineering 
Education 

Victor J. Law, Ph.D. (Tulane) _____ Optimization, Control, Agrisystems 
Danny W. McCarthy, Ph.D. (Tulane) __ Computer Control, Optimization, 

Deterministic Modeling 
Samuel L. Sullivan, Jr., Ph.D. (Texas A&M) --- Separation Process, Transport 

Phenomena, Numerical Methods 
Robert E. C. Weaver, Ph.D. (Princeton) ___ Resource Management, Operations 

Research and Control, 
Biomedical Engineering 

Lynn J. Groome, Ph.D. (Florida) ____ Thermodynamics, Biomedical 
Engineering 

GRADUATE PROGRAMS IN CHEMICAL ENGINEERING 

The University of Tulsa 

THE FACULTY 

M.S., Master of Engineering Management, Ph.D. 

R. L. Bunn 
A. P. Buthod 

F. S. Manning 

W. C. Philoon 
E. H. Snider 
N. D. Sylvester 

- Coal conversion, heat transfer 
- Petroleum refining, petroleum phase behavior, heat 

transfer 
- Industrial pollution control, enhanced oil recovery, en-

vironmental protection 
- Corrosion, process design 
- Environmental engineering, kinetics 
- Enhanced oil recovery, environmental protection, fluid 

mechanics, reaction engineering 
R. E. Thompson - Oil and gas processing, computer-aided process design 
D. U. von Rosenberg - Process simulation, numerical solution techniques, en

hanced oil recovery 

!=URTHER INFORMATION If you would like additional information concerning specific research areas, 
facilities, and curriculum contact the Chairman of Chemical Engineering (Prof. 
Thompson). Inquiries concerning admissions and financial suppo11t should be 
directed to the Dean of the Graduate School. 

FALL 1978 

The University of Tulsa 
600 S. College 

Tulsa, OK 74104 
(918) 939-6351 

The University of Tulsa has an 
Equal Opportunity/ Affirmative 
Action Program for students 
and employees. 
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VANDERBILT UNIVERSITY 
GRADUATE STUDIES IN CHEMICAL ENGINEERING 

M.S. AND Ph.D. DEGREE PROGRAMS 

W. Wesley Eckenfelder 

Kenneth A. Debelak 

Biological and Advanced Waste Water Treatment Processes 

Gasification and Liquifaction of coal,, Energy-Environmental Systems, 
Mathematical Modeling of Chemical Processes. 

Thomas M. Godbold 

Thomas R. Harris 

Process Dynamics and Control, Mass Transfer 

Physiological Systems Analysis, Transport Phenomena, Biomedical 
Engineering, Tracer Analysis 

Knowles A. Overholser 

John A. Roth 

Combustion Physics, Biorheology 

Reaction Kinetics and Chemical Reactor Design, Gas Chromatography, 
Industrial Waste Management and Control 

Karl B. Schnelle, Jr. 

Robert D. Tanner 

W. Dennis Threadgill 

Air Pollution, Instrumentation and Automatic Control, Dispersion 
Studies 

Enzyme Kinetics, Fermentation Processes and Kinetics, Pharmaco
kinetics, Microbial Assays 

Unit Operations, Food and Dairy Industry Waste Treatment 

FURTHER INFORMATION: W. Dennis Threadgill , Chairman 
Chemical Engineering Department 

AIR POLLUTION: 

ENERGY: 

TRANSPORT 
PHENOMENA: 

Box 1821, Station B, Vanderbilt University 
Nashville, Tennessee 37235 

WASHINGTON STATE UNIVERSITY 
Graduate Study in Chemical Engineering 

M.S. and Ph.D. Programs 

Submicron Particulate Collection/High Temperature Catalysis / Global Monitor
ing & Meteorological Interaction/Atmospheric Chemistry & Trace Analyses / 
Odor Perception/Phytotoxicity 

Combustion & NOx, SOx Control/Coal Minerals Recovery/ Petrochemical 
Substitutes From Coal/Process Development & Design 

Laser-Doppler Velocimetry / Single- & Multi-Phase Flow & Heat Transfer/ 
Foam Flow 

NUCLEAR ENGINEERING: Radioactive Waste Management/Fuels Reprocessing / LMFBR Technology/ 
Radiocarbon Dating/ Neutron Activation Analyses 

POLYMER ENGINEERING: Electroiriiated Polymerization/Polymeric Encapsulation 

BIOMEDICAL 
ENGINEERING: 

BIOCHEMICAL 

Biorheology 

ENGINEERING: Fermentation Kinetics 

Several Fellowships, Assistantships and Full-time Summer Appointments Available 

Contact: J. A. Brink, Jr., Chairman, Department of Chemical Engineering, 
Washington State University, Pullman, Wa. 99164/Tel. 509-335-4332. 

CHEMICAL ENGINEERING EDUCATION 



UNIVERSITY OF WASHINGTON Department of Chemical Engineering BF-10, Seattle, Washington 98195 
GRADUATE STUDY BROCHURE AVAILABLE ON REQUEST 

WASHINGTON UNIVERSITY 
ST. LOUIS, MISSOURI 

GRADUATE STUDY IN CHEMICAL ENGINEERING 

Washington Unive rsity is located on a park-like campus at the St. Louis City limit. Its -location offers the cultural and recreational 
opportunities of a major metropolitan area combined with the convenience of a University surrounded by pleasant residential areas 
with many apartment houses where single and married graduate students can obtain housing at reasonable rates. 

The Department of Chemical Engineering occupies a modern bui I ding with well-equipped laboratory facilities fo·r research in a large 
variety of areas. There is close interaction with the research and engineering staffs of major St. Louis chemical companies and also ex
tensive collaboration with the faculty of the Washington University School of Medicine in the biomedical engineering research activities. 

PRINCIPAL RESEARCtt AREAS 

• Biomedical Engineering • Process Dynamics and Control 

• Chemical Reaction Engineering • Reinforced Plastics 

• Computer-Aided Process Engineering • Rheology 
• Modeling and Simulation • Thermodynamics 

• Polymer Science • Transport Ph<;!,no111ena 

For application forms, a catalog, and a brochure which describes faculty research inter,sts, research 
projects and financial aid write to: · 

Dr. R. L. Motard, Chairman 
Department of Chemical Engineering 
Washington University 
St. Louis, Missouri 63130 
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WAYNE 
STATE 
UNIVERSITY 

GRADUATE STUDY in 

CHEMICAL ENGINEERING 
D. A. Crowl, PhD 
H. G. Donnelly, PhD 
E. R. Fisher, PhD 
J. Jorne, PhD 
R. H. Kummler, PhD 
C. B. Leffert, PhD 
R. Marriott, PhD 
J. H. McMicking, PhD 
R. Mickelson, PhD 
P. K. Roi, PhD 
E. W. Rothe, PhD 
S. K. Stynes, PhD 

combustion-process control 
thermodynam ks-process design 
kinetics-molecular lasers 
electrochemical engr.-fuel cells 
environmental engr.-kinetics 
energy conversion-heat transfer 
computer applications-nuclear engr. 
process dynamics-mass transfer 
polymer science-combustion processes 
molecular beams-vacuum science 
molecular beams-analysis of experiments 
multi-phase flows-environmental engr. 

FOR FURTHER INFORMATION on admission and financial aid contact: 

Dr. Ralph H. Kummler 
Chairman, Department of Chemical Engineering 
Wayne State University 
Detroit, Michigan 48202 

CHEMICAL AND BIOCHEMICAL ENGINEERING 
THE UNIVERSITY OF WESTERN ONTARIO 

LONDON, ONTARIO, CANADA 

Graduate Studies 
The Chemical and Biochemical Group offers M.E.Sc., M.Eng., and Ph.D. degrees for Engineering and Science graduates. 

Financial support is available for qualified students in the amount of $5,000 to $7,000 per year. 

The Department 
A medium sized Chemical and Biochemical Engineering Department with 10 professors, 6 post-doctoral fellows, 9 Ph.D. 

students, 18 M.E.Sc. students, 6 M.Eng. students and 95 undergraduates. Well equipped laboratories with excellent computing 
and machine shop facilities are available. 

Are• 1 of Research 
Areas of research in Chemical Engineering include: fluidization and particulate studies, environmental studies, air and water 

pollution, catalysis and reactor design, systems control engineering, process simulation and optimization, mass transfer and 
mixing in reactors, process development studies. 

Research areas in Biochemical Engineering include: food engineering, new products development, food perservation, pro
tein production, microbial process and product development, microbial surfactants for oil extraction, enzyme engineering, bio
energy production, microbial kinetics, bacterial aerosol studies, bioleaching of minerals, extracellular protein production, enzymatic 
hydrolysis of cellulose, novel bioreactor design, industrial waste utilization and wastewater treatment, design of wastewater 
treatment facilities, etc. 

Applications and Enquiries-For more information write to: 

Dr. N. Kosaric, Chairman 
Chemical and Biochemical Engineering 

The University of Western Ontario 
London, Ontario, Canada 

Telephone: (519) 679-3309 

CHEMICAL ENGINEERING EDUCATION 



IIIPI 
WORCESTER 
POLYTECHNIC 
INSTITUTE 

"The Innovative School" 

The WPI Chemical Engineering Department enjoys an excellent reputation for its research under 
the direction of ten full time faculty members in: 

ADSORPTION 
DIFFUSION 

CATALYSIS 
MOLECULAR SIEVES 

BIOCHEMICAL ENGINEERING 
ENERGY CONVERSION 

Extensive technical and cultural opportunities within the ten-college Worcester Consortium for Higher 
Education and the facilities of a medium sized city in Central Massachusetts. 

Attractive assistantships available. 

Address inquiries to: 

FALL 1978 

Dr. lmre Zwiebel, Chairman 
Chemical Engineering Department 
Worcester Polytechnic Institute 
Worcester, Massachusetts 01609 
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UNIVERSITY OF WYOMING 

We offer exciting opportunities for research in many ENERGY -
related areas, such as coal and oi I shale. We also offer research 
relating to ENVIRONMENT , such as in situ processes and water 
resources. These and many other opportunities are avai I able to those 
with ENERGY who wish to work in a pleasant ENVIRONMENT , both 
academically and geographically. 

Admission, employment, ond programs of the University of Wyoming are offered ta 
all eligible people without regard ta race, color, national origin, sex, religion, or 
pol iti ca I. belief. 

Take a moment and write for 
more information. 

Or. A.O. Noble 
Mineral Engineering Department 
University of Wyoming 
P.O. Box 3295 
University Station 
Laramie , Wyoming 82071 

Financial aid is available, and 
all aid recipients obtain full 
fee waivers. 

BRIGHAM YOUNG UNIVERSITY 
Ph.D., M.S. & M.E. 

THE UNIVERSITY OF BRITISH COLUMBIA 

~GRADUATE STUDIES IN CHEMICAL ENGINEERING 

RESEARCH EMPHASIS 

• Biomedical Engineering • Fluid Mechanics 

• Catalysis • Fossil Fuels Recovery 

• Coal Gasification • High Pressure Chem. 

• Combustion • Thermochemistry 

If you are interested in a small, high quality, 
research active, ChE department (11 dedicated 
Faculty & 35 funloving graduate students), a 
beautiful campus in the rugged Rocky Mountains, 
and a uniquely friendly campus in which students 
adhere to high moral standards, contact 
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Professor Richard W. Hanks 
Department of Chem. Engr. 
350F CB 
Brigham Young University 
Provo, Utah 84602 

- FINANCIAL AID AVAILABLE -

The Department of Chemical Engineering invites applications 
for graduate study from candidates who wish to proceed to 
the M.Eng., M.A.Sc. or Ph.D. degree. For the latter two 
degrees, Assistantships or Fellowships are available which pay 
up to $6,500 per annum. 

AREAS OF RESEARCH 

Air Pollution 
Biochemica l Engineering 
Biomedical Engineering 
Coal Gasification 
Electrochemical Engineering 
Electrokinetic Phenomena 
Fluid Dynamics 
Fluidization 
Heat Transfer 
Kinetics 
Liquid Extraction 
Magnetic Effects 

Mass Transfer 
Modelling and Optimization 
Particle Dynamics 
Process Dynamics 
Pulp & Paper 
Rheology 
Rotary Kilns 
Separation Processes 
Spouted Beds 
Sulphur 
Thermodynamics 
Water Pollution 

Enquiries should be addressed to: 

Dr. Richard M. R. Branion 
Graduate Advisor 

Department of Chemical Engineering 
THE UNIVERSITY OF BRITISH COLUMBIA 

Vancouver, B.C. V6T lWS 

CHEMICAL ENGINEERING EDUCATION 



ECOLE POL YTECHNIQUE 
AFFILIEE A L'UNIVERSITE DE MONTREAL 

GRADUATE STUDY IN 
CHEMICAL ENGINEERING 

Research assistantships are available in the 
following areas: 

- POLYMER ENGINEERING 
RHEOLOGY 
RECYCLING OF WASTE MATERIALS 
FLUIDISATION 
REACTION KINETICS 
PROCESS CONTROL AND SIMULATION 
INDUSTRIAL POLLUTION CONTROL 

PROFITEZ DE CETTE OCCASION POUR PARFAIRE VOS 
CONNAISSANCES DU FRANCAIS! VIVE LA DIFFERENCE!* 

•some knowledge of the French language is required. 

For information, write to: 

M. R . C. Mayer, prepose it !'admission, 
Departement du Genie Chimique, 

Ecole Polytechnique 
C.P. 6079, Station A 
Montreal H3C 3A7, 

CANADA 

THE UNIVERSITY OF IOWA 
Iowa City 

M.S. Ph.D. 

Research in 
Flow through microporous media 
Separations using permeation through membranes 
Mass transfer operations 
Characterization of particulate materials 
Mate rials science 
Materials processing 
Plasticity 
Fracture mechanics 

Write: Chairman 
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Chemical and Materials Engineering 
University of Iowa 
Iowa City, Iowa 52242 

Lake Huron 

Canada's largest Chemical Engineering De
partment offers M.A.Sc., Ph.D. and post
doctoral programs in: 

* Biochemical and Food Engineering 

*Environmental and Pollution Control 

*Extractive and Process Metallurgy 

* Polymer Science and Engineering 

* Mathematical Analysis, Control and Statistics 

*Transport Phenomena and Kinetics 

with an option in Occupational Health 
Engineering 

Financial Aid: Competitive with any other Canadian 
University 

Academic Staff: E. Rhodes, Ph.D. (Manchester); C. W. 
Robinson, Ph.D. (Berkeley); I. F. Macdonald, Ph.D. 
(Wisconsin); T. L. Batke, Ph.D. (Toronto); J J. Byerley, 
Ph.D. (UBC); K. S. Chang, Ph.D. (Northwestern); F. A. L. 
Dullien, Ph.D. (UBC); T. Z. Fahidy, Ph.D. (lllinois);R.Y-M. 
Huang, Ph.D. (Toronto); R. R. Hudgins, Ph.D. (Princeton); 
K. F. O 'Driscoll, Ph .D., (Princeton); D. C. T. Pei, Ph.D. 
(McGill); P. M. Reilly, Ph.D. (London); A. Rudin, Ph.D. 
(Northwestern), D.S. Scott, Ph.D. (Illinois); P. L. Silveston, 
Dr. Ing. (Munich); D. R. Spink, Ph.D. (Iowa State); G. A. 
Turner, Ph.D. (Manchester); B. M. E. van der Hoff, Ir. 
(Delft); M. Moo-Young, Ph.D. (London); L. E. Bodnar, 
Ph.D. (McMaster); C. M. Burns, Ph.D. (Polytechnic Inst., 
Brooklyn); K. Enns, Ph.D. (Toronto); J. D. Ford, Ph.D. 
(Toronto) ; C. E. Gall, Ph .D. (Minn .); G. S. Mueller, Ph.D. 
(Manchester); G. L. Rempel, Ph .D. (UBC); J. R. Wynny
ckyji, Ph .D. (Toronto); J. M. Scharer, Ph.D. (Pennsyl
vania). 

To apply, contact: 

The Associate Chairman (Graduate Studies) 
Department of Chemical Engineering 
University of Waterloo 
Waterloo, Ontario 
Canada N2L 3G 1 
Further information: See CEE, p . 4, Winter 1975 



MONASH UNIVERSITY 
CLAYTON, VICTORIA 

Department of Chemical Engineering 

Applications are invited for Monash University Research Scholar
ships tenable in the Department of Chemical Engineering. The 
awards are intended to enable scholars to carry out under 
supervission, a programme of full-time advanced studies and 
research wh ich may lead to the degrees of Master of Engineer
ing Science and/ or Doctor of Philosophy. 

Facilities are available for work in the general fields of: 

Biochemical and Food Engineering 
Chemical Reactor Engineering 
Extractive Metallurgy and Mineral Engineering 
Process Dynamics, Control and Optimization 
Rheology 
Transport Phenomena 
Wast~ Treatment and Water Purification. 

Scholarships carry a stipend of $4,000 per annum. Detailed 
information · about the awards and the necessary application 
forms may be obtained from the Academic Registrar. Technical 
enquiries should be addressed to the Chairman of Department, 
Professor 0 . E. Potter. 

Postal Address: Monash University, Wellington 
Road, Clayton, 
Victoria, 3168 Australia. 

NEW JERSEY 
INSTITUTE OF 
TECHNOLOGY 

NEWARK COLLEGE 
OF ENGINEERING 

GRADUATE STUDY 
FOR M.S., ENGINEER AND Sc.D. DEGREES 

IN 
CHEMICAL ENGINEERING 

• Biomedical Engineering . • Basic Studies-Chemical 
Engineering • Bioch.emical Engineering 

• Environment;,! Engineering • Basic Studies-Applied 

Chemistry • Polymer Science and 
Engineering • Process and Design Studies 

For details on applications and financial aid, write: 

278 

Dean Alex Bedrosian 
Graduate Division 
New Jersey Institute of Technology 
323 High Street 
Newark, New Jersey 07104 

MONT ANA ST A TE 
Degrees earned, 1970-78 

M.S. - 58 

Ph.D. - 23 

Current Projects: 

Clean Distillate Fuels from Coal 
Coal Liquefaction 
Extractive Distillation 
Extractive Crysta I lization 
Fluidized Bed Heat Transfer 
NOx Abatement 
Pumping Properites of Coal Slurries 
Separations with Membranes 
Food Processing 

Department of Chemical Engineering 
Montana State University 
Bozeman, MT 59717 

UNIVERSITY OF NORTH DAKOTA 
Graduate Study in Chemical Engineering 

PROGRAM OF STUDY: Thesis and non-Thesis programs leading 
to the M.S. degree are available. A full-time student can com
plete the program in a calender year. Research and Teaching 
assistantships are available. 

LIGNITE LIQUEFACTION PROJECT: UND's Chemical Department 
is engaged in a major research program under the U.S. De
partment of Energy on conversion of lignite coal to upgraded 
energy products. Students may participate in project-related 
thesis problems, or be employed as project workers while 
taking course work in the department. 

ERDA: The Department of Chemical Engineering and the 
Grand Forks Energy Technology Center offer a cooperative 
program of study related to coal technology. Course work 
is taken at the University and thesis research performed at 
the Center under DOE staff members. Fellowships are available 
to U.S. citizens. 

FOR INFORMATION WRITE TO: 

Dr. Thomas C. Owens, Chairman 
Chemical Engineering Department 
University of North Dakota 
Grand Forks, North Dakota 58201 

CHEMICAL ENGINEERING EDUCATION 



OHIO UNIVERSITY 

Industrially Oriented Chemical Engineering Re
search in 

Polymer Processing and Properties 
Coal Conversion 
Corrosion 
Transport Phenomena 

Patents and Grants currently held by faculty 
members in areas of active research. 
Faculty includes members with up to 35 years of 
top level Industrial Research, and active Research 
Consultants. 

We concentrate on M.S. level graduate work and 
have a transitional program for non-ChE. back
ground students. 

Adress inquiries to: 

Dr. John R. Collier 
Chemical Engineering Department 
Ohio University 
Athens, Ohio 45701 

CHEMICAL ENGINEERING AT 
TEXAS TECH 

Join a rapi~ly accelerating department . 
(research funding has increased an average of 
26 % per year for the last three years) 
Graduate research projects available in-

PROCESS ENGINEERING 
POLYMER SCIENCE & TECHNOLOGY 
ENVIRONMENTAL CONTROL 
ENERGY 
BIOMEDICAL TECHNOLOGY 

Texas Tech Chemical Engineering graduates are 
among the most sought-after by industry in the 
country. Be one of them! 

For information, brochure and application mate
rials, write 

Dr. R. M. Bethea 
Graduate Advisor 
Department of Chemical Engineering 
Texas Tech University · 
Lubbock, Texas 79409 

F,ALL 1978 

University of Rhode Island 
Graduate Study 

Chemical Engineering MS, PhD 
Nuclear Engineering MS 

AREAS OF RESEARCH 

Adsorption 
Biochemical Engineering 
Boiling Heat Transfer 
Catalysis 
Corrosion 
Desalination 
Dispersion Processes 
Distillation 
Fluid Dynamics 
Heat Transfer 
Ion Exchange 
Kinetics 
Liquid Extraction 

APPLICATIONS 

Mass Transfer 
Materials Engineering 
Membrane Diffusion 
Metal Finishing 
Metal Oxidation 
Metallurgy 
Nuclear Technology 
Phase Equilibria 
Polymers 
Process Dynamics 
Thermodynamics 
Water Resources 
X-ray Metallography 

Apply to the Dean of the Graduate School, Uni
versity of Rhode Island, Kingston, Rhode Island 
02881. Applications for financial aid should be re
ceived not later than February 15. Appointments 
will be made about April. 

UNIVERSITY OF UTAH 
SKI AND LEARN? 

The chemical engineering program at the University 
of Utah is rigorous and diverse, with a high-quality, 
11-member faculty and a long-standing commitment 
to excellence in teaching and research. We believe 
any fair comparison would show that we are one of 
the better middle-sized departments of chemical 
engineering. We invite that comparison. 

Although our program is good, we don't think we 
can demonstrate that it is the best in the world. 
The same is not true of our skiing; no other uni
versity in the world has comparable skiing. Also, 
our location in Salt Lake City places us within 400 
miles of seven national parks and within a day's 
drive of a great variety of spectaculav outdoor 
recreational opportunities. We could also tell you 
about the cultural opportunities in Salt Lake City, 
but they are probably no better than those in New 
York or Chicago. 

Students who want a first-class graduate education 
in chemical engineering but who would also like to 
sample the outstanding recreational and cultural 
opportunities of Salt Lake City should write for 
more information to · ' 

Noel de Nevers 
Director of Graduate Studies 
Department of Chemical Engineering 
University of Utah 
Salt Lake City, Utah 84112 



UNIVERSITY OF VIRGINIA 

CHEMICAL ENGINEERING 
GRADUATE STUDIES 

M.S., and Ph.D. Programs in Chemical Engineer
ing. Chemical Engineering with a Biomedical 
/Biochemical Minor is available. 

Chemical Engineering at YALE 

RESEARCH INTERESTS: Mass transfer phenomena, 
surface chemistry, fluid mechanics and rheology, 
fluidizaotion, parameter estimation, process dy
namics and control, solar energy conversion, crys
tallization, air pollution control, fermentation proc
esses, immobilized biomolecules, biological mass 
transfer and disease, and modeling of biological 
processes. 

FOR ADMISSION AND 
FINANCIAL AID INFORMATION 

Graduate Coordinator 
Department of Chemical Engineering 
University of Virginia 
Charlottesville, Virginia 22901 

y 
J. W. Gibbs PhD-Engrg. 

You? PhD-Engrg. 

ACl(NOWLEDGME NTS 

<!lie ~ ~ Jtu«deJ, ~ '°'1- tits 
~o/J 

CHEMICAL ENGINEERING EDUCATION 

DURING 1978: 

3M COMPANY 

1863 
1982 

'We aLlo Hi~ tits 135 e~ c~ ..2>ep<vd
ment£ wk ~ 1,o tits ~ o!J ecc m 191a 1 
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create. construct and control 
your career with MILLIKEN 

We provide an expanding range of opportunities 
to accelerate your managerial and professional 
career development. 

Milliken's commitment to technological leader
ship in providing new products, processes and 
equipment is exemplified by the Millitron'in ma
chine, a computer controlled , jet-injection dyeing 
system created and developed by Milliken engi
neers and scientists for the production of multi
colored carpet, rugs and upholstery products. 

The men and women we need have open 
minds, open enough to let us expose you to the 
details of the Milliken challenge. When we select 
each other, horizons broaden for both of us. 

A~, 
MILLIKEN 

Call or write: 

Milliken 
College Relations Dept. 
Post Office Box 1926 
Spartanburg , SC 29304 
Phone (803) 573-2508 

An equal opportunity employer. 



Chemicals? Pharmaceuticals? Consumer products? 
Plastics? 

Most people probably do. 
But we're more than that. 
A lot more. 
We're a company who cares about the future. 

And we're doing something to shape it. That includes 
exploring new energy sources, and in the meantime 
making the most of the energy we have. For example, 
the same steam we use for manufacturing is also 
used to produce electrical power. 

Our energy conservation efforts in '77 in the U.S. 
alone are equal to 1 O million barrels of oil or 60 
billion cubic feet of gas. 

We care about clean air and clean water, too . 
That's why we try to pioneer new products that are 
non-polluting, non-hazardous, and biodegradable. 

And after we sell our products, we continue to 

care about them as long as they're in use. We call 
this concern , " product stewardship." And it goes 
with everything we sell. 

We also care about helping to feed an ever
growing population and discovering new cures for 
disease. It's been that way as long as we've been 
doing business. 

So, if you know any students who feel a responsi
bility to preserve and protect li fe the way we do, and 
who have degrees in eng ineering , science, manufac
turing or marketing, please refer them to Dow. 

We 'd like to tell them about the broad variety of 
career opportun ities we offer. 

And how we give people a chance to show what 
they can do. 

Write directly to: Recru iting and College Rela
tions , P.O. Box 1713-CE, Midland, Michigan 48640. 
Dow is an equal opportunity employer-male/female. 

DOW CHEMICAL U.S.A.• •!!!•,• 
* Trademark of The Dow Chemical Company "'"-~-~--~-'"';* 
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