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THE EQUATIONS (OF CHANGE) 
DON'T CHANGE 
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A t the outset, I wish to express my thanks for the honor 
to be associated with this celebration marking the 
appearance of the 2nd edition of Transport Phenom­

ena. The enormous influence of the first edition on chemical 
engineering education is so obvious and well known that it 
would be gratuitous for me to spend time talking about how 
the book transformed chemical engineering education 
throughout the world. That is not to say its adoption was im­
mediate or uniform across the country. Similar to Feynman 's 
Lectures on Physics, the instructors often learned more than 
the students . With apologies for the terribly mixed meta­
phors, one could describe BSL as a stew that didn ' t al­
ways fly well with lightweights. 

This talk is meant to be forward-looking rather than back­
ward-reminiscing, but it is clear that included in my qualifi­
cations for delivering this lecture are (a) my pedigree as an 
alumnus of this department and (b) a date of birth that puts 
me in an ever-contracting pool of candidates who were edu­
cated in pre-BSL history. I therefore choose a few prelimi­
nary stories, which (beyond being amusing) have, I hope, 
some value as reminders of the reach and the lasting influ­
ence, often unintended, those of us who teach have on a 
large body of students . 

• Until late in my undergraduate experience, the most in­
fluential instructors I had were, with one exception, graduate 
students. Names such as Ednie, Garver, Woods, and Kirk come 
to mind. Bob Kirk was an assistant professor. The others were 
instructors and World War II veterans, several of them mar­
ried with young families . They were no-nonsense people who 
took their teaching duties seriously and, for the most part, 

explained the material well. There is a lesson in this bit of 
history. In spite of our recoil when we are told that students 
are forced to learn from graduate students rather than senior 
faculty, instruction from graduate students isn't necessarily a 
bad experience. In fact, it has the advantage of being taught 
by someone more apt to appreciate student difficulties, often 
similar to those endured just a few years earlier by the in­
structor, than is the case when a full professor is in charge. 

The "big names" in the department in those days were 
Hougen and Marshall. As an undergraduate, I had no contact 
whatsoever with either one. In later years, however, I came 
to know both gentlemen well-Bob Marshall through AIChE 
committees and Olaf Hougen when he joined a Madison re­
tirement center to which my parents had moved. He was a 
truly remarkable person. 

• The second vignette has to do with undergraduate advis­
ing. In my sophomore year I became frustrated because it 
seemed all I was doing was rushing from one assignment and 
exam to another, without time to reflect on what I was learn­
ing. I went to my adviser, Professor C.C. Watson, and told 
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him I wanted to cut back on the number of 
courses and stretch out my residence time to 
five years. He looked at my grades, then 
looked at me, and said there was no reason 
for me to take longer than four years. His an­
swer was no-end of discussion, end of ap­
pointment with adviser. Years later I could say 
with conviction that his decision was abso­
lutely correct. I can only guess why he re­
fused me, but I suspect he believed I would 
use the extra time for anything but "reflect­
ing" on what I was learning, and I was prob­
ably too immature to know what to reflect 
about. Beyond that, one needs a balance be­
tween thoroughness and efficiency. Part of 
engi neering education is learning how to 
find that balance. 

Engineering 
education is, by 
its very nature, 

study in engineering or related fields 

These features of an undergraduate engi­
neering education are not without contro­
versy, so I should explain why I believe they 
are important and valid. in a continuous state 

of flux ... 
First, we are not in the business of pro­

viding solely a "pre-professional" education, 
in spite of the efforts of generations of edu­
cators to do so. The educators have failed 
because the market has dictated otherwise. 
In good economic times, eager companies 
line up at the nation 's best engineering 
schools to nab graduates of four-year accred­
ited programs. Sometimes those graduates 
enter highly focused technical areas in the 
electronics, chemical, or automotive indus­
tries, and they will probably receive a gen­
erous dose of in-house training to sharpen 
the generalities learned in their BS educa­
tion . Nevertheless, they are hired as engi-

The constant 
uncertainty over 
what we teach 
should not be 

surprising. 
Engineers solve 

problems. If they 
are successful, 
those problems 

disappear. 

AN OVERVIEW 

Engineering education is, by its very na­
ture, in a continuous state of flux. Appearance 
every decade of a definitive report on the fu-

Then wefind 
new problems to 

solve. 

ture of engineering education is as predictable as a sighting 
of the first crocuses in Madison near the end of March. The 
constant uncertainty over what we teach should not be sur­
prising. Engineers solve problems. If they are successful, those 
problems disappear. Then we find new problems to solve. 
Although the principles used to solve successive generations 
of problems change very slowly, the problems themselves 
have different emphases and different details that require 
continual fine tuning, and, as with BSL, occasional step 
changes in our approaches. 

In my remarks, I shall first offer comments on the purpose 
of undergraduate engineering education within the context 
of a large, selective university such as UW Madison. From 
there I wish to specialize the discussion to challenges and 
opportunities relevant to chemical engineering departments 
within such institutions, looking successively at undergradu­
ate, professional , and graduate (PhD) curricula. Finally, a few 
generalizations are offered regarding challenges for compre­
hensive public research universities. 

UNDERGRADUATE EDUCATION 

A popular current claim of engineering educators, and one 
to which I subscribe, is that our subject is the liberating art of 
the 21st century. That claim lays upon the departments making 
it a set of curricular responsibifaies which, I believe, includes 

I) A program of study sufficient for entry-level positions 
in engineering practice and engineering-related fields 

2) Exposure to "shoulder areas" of engineering 
3) Provision for an understanding of professional and 

personal ethics 
4) Mastery of fundamentals sufficient to pursue graduate 

Fall 2003 

neering graduates, not as products of a gen­
eralized pre-engineering curriculum now 

ready for finishing school. Alternatively, other companies are 
anxious to hire them for jobs in which the analytical and rea­
soning skills of the graduates will be applied to a broad rather 
than narrow and highly disciplinary context. During the past 
decade, the consulting firm Accenture has been one of the 
largest employers of entry-level engineers graduating with a 
four-year BS degree from Illinois. 

Second, I refer above to the "shoulder areas" of engineer­
ing. This is an acknowledgment of the fact that engineering 
is a profession that cannot be practiced in isolation- it re­
quires a context. Here is where the "liberating art" label can 
be argued. As technology forms an ever-deepening influence 
on the lives of everyone, it should be expected that an educa­
tion in engineering must provide a foundation for future spe­
cialization in business, law, or (as we are beginning to see) 
even the arts. Those connections should not be left to chance. 
On the contrary, opportunities to link strictly technical issues 
with economic, social, and political factors should be sought 
and exploited. Note that this implies more than a simple re­
quirement for students to take x credits of subject y during 
their undergraduate education. 

The third ingredient referred to pertains to professional 
and personal ethics. If an engineering education does not help 
us to understand and promote a civilized society, it is not a 
liberating art. Again, this emphasizes that engineering is prac­
ticed in a context. Precisely because engineering is so impor­
tant in today's world, a so-cal led "engineering decision" is 
seldom without consequences far beyond the realm of engi­
neering itself. Those decisions have far-reaching economic, 
social, and ethical implications, and the choices among alter­
natives are seldom clearly right or clearly wrong. 
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Fourth, I have required that an undergraduate curriculum 
properly serve the person who wishes to compete at the high­
est level in graduate study in engineering or a related field. 
This is the true proof of principle when we claim to be edu­
cating engineers. It separates the schools preparing engineers 
from the schools preparing dilettantes. My opinions here have 
been shaped by many years on the faculty at Princeton. At 
that institution, the largest number of undergraduate majors 
over a period of several decades were in either English or 
history. Clearly, very few of those majors went on to make a 
living in either of those fields. Some did, however, and they 
became distinguished in their specialty. We should be able to 
do the same. It is not necessary for a school of engineering to 
choose between producing either specialists or persons so 
well-rounded they have no peaks of excellence. 

I have laid out a daunting assignment for an undergraduate 
engineering program. How can one provide the technical 
depth required to excel at subsequent graduate courses in fast­
moving fields, while at the same time give proper attention 
to the shoulder areas and gen-
eral intellectual maturation im-

I . Chemical Change 
Reactor design 
Material and energy balances 

2. Separations 
The concept of staging 
Unit operations 

3. The Process 
Control 
Optimization 
Economics 

distinguish ourselves through the following three character­
istics: 

• A focus on chemical change 
• Well-developed methodologies for describing separation of 

mixtures into their components 
• A systems approach to the design and description of 

processes 

These three features can be expanded as shown in Figure 1. 
Will these characteristics ensure a healthy chemical engineer­
ing profession into the next generation? In my opinion, they 
will not, because we have forgotten a critically important in­
gredient: the student. More than anything, a preponderance 
of high-quality students has sustained us ever since World 
War II. We have operated more-or-less successfully under 
the paradigm, "Build a sound curriculum, and they will come." 
I don ' t believe that approach will work in the future. In order 
to engage the cream of the student body, we need to educate 
students who, upon graduation, will find jobs with satisfac­
tory financial compensation, intellectual challenge (something 

Transport phenomena 
(rates of transfer of mass, 
momentum, and energy) 

that really is rocket science), 
and a sense of excitement and 
mission, i.e., conviction that 
one's work will make the world 
a better place. 

How do we measure up? 
Relative to other engineering 
disciplines, job opportunities 
for chemical engineers have 
been plentiful, if not as legend­
ary as they were for several 
years in computer engineering 

plied in the above remarks? 
Let me be the first to admit that 
it is not easy, and it is prob­
ably not possible for any but 
the most selective of institu­
tions. To accomplish the ends 
stated here, one needs entering 
students with a rare combina­
tion of mental ability, prepa­
ration, and maturity. Those 
young people surely exist in 
our society. It is up to the en­
gineering profession to con­
vince them that study of engi-

Figure 1. Distinctive features of a chemical 
engineering education. 

and science. On the criterion of 
intellectual challenge, we mea­
sure up very well indeed. We 

neering is worth their atten-
tion. It is when we do not attract a sufficient number of these 
students that we say the curriculum is too difficult, too stuffed 
with requirements for completion in four years, or too bor­
ing. I should add that this can become a vicious circle. It is 
possible to design a curriculum with all of these undesirable 
features-one that will dissuade from the outset attracting 
the type of students we wish to see. 

CHEMICAL ENGINEERING 

Undergraduate Education • Everything said so far per­
tains to all of engineering. What can one say that is unique to 
chemical engineering? This is, in fact, becoming an increas­
ingly difficult question to answer-especially at the gradu­
ate level, as we shall see shortly. There are some distinguish­
ing, if not unique, features of chemical engineering practice 
and education, however. For the moment, let us concentrate 
on ramifications for undergraduate education. I believe we 
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teach fundamental reasoning 
rather than rote application of 

facts, and students are stretched accordingly. It is with re­
spect to the last item on the list that we fall short. Faculty 
members are excited about what they are doing, but the num­
ber of links in a chain of inference between that excitement 
and the excitements of engineering practice is perilously large. 
This is not true with engineering in general. It happened in 
our field because the interests of faculty members and the 
needs of practitioners have diverged. Such does not have 
to be the case if one is to retain the intellectual challenge 
of the second point. 

As an example, I have compared in Table 1 the citations of 
some academics recent! y elected to the National Academy of 
Engineering in the chemical engineering section (Section 3) 
and the electronics engineering section (Section 7). I believe 
one finds a much closer identification of the latter group with 
the current interests and proclaimed needs of the industry they 
represent. Nevertheless, they are presumably conducting re-
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On the criterion of intellectual challenge, [engineering education] measure[s] up 
very well indeed. We teach fundamental reasoning rather than rote 

application of facts, and students are stretched accordingly. 

search considered by their peers to be at the highest level 
among their cohorts. I don ' t mean to imply a value judgment 
by the comparison, but our profession is at some risk when 
there is lack of identification with the areas of commerce we 
claim to serve. The link between academic research and com­
mercial needs is much stronger in the bio-related areas of 
chemical engineering, and that is one reason for the current 
vitality of that subject. 

It is universally agreed that bioengineering, biotechnology, 
and bioscience are important to the future of chemical engi­
neering. Exactly how that importance is to be acknowledged 
in our curricula and research is still an open question, and 
indeed, there is no single answer. Pluralism has been a pillar 
of strength for the U.S. educational system, and we shall no 
doubt see many successful models. Before leaving this sub­
ject, I do wish to provide an often-forgotten historical per­
spective. Fifty years ago, programs in biochemical engineer­
ing, or its equivalent, already existed at Wisconsin and Illi­
nois, and probably at other schools as well. I do not believe 
any of them had a large following. Timing is everything! 

Bioengineering is not the only cross-cutting subject on 
which chemical engineering should have an important influ­
ence. An emphasis on chemical change implies a special in-

TABLE 1 
Comparison of Citations for Members Recently Elected 

to the National Academy of Engineering 

Chemical E11gineering Section 

For advancing our understanding 
of the behavior of block copoly­
mers and other polymeric and 
complex fluids 

For advancing our understanding 
of electrokinetic and electro­
hydrodynamic processes ... 

For pioneering contributions in 
defining and advancing metabolic 
engineering .. . 

For advancing our understanding 
of the mechanisms and modeling 
of processes that control radiation 
in and pollutant control of com­
bustors 

For elucidating the flow proper­
ties of complex flu ids at the 
molecular and continuum 
levels . . . 

Fa/12003 

Electronics E11gi11eeri11g Section 

For advances in optoelectronic 
devices, detectors for fiber optics, 
and efficient LEDs for displays 

For contributions to the develop­
ment of CMOS technology . . . 

For contributions to signal and 
image processing ... 

For contributions to and leader­
ship in research on micro­
electromechanical systems 

For introducing photonic band­
gap engineering and applying 
semiconductor concepts to 
electromagnetic waves in 
artificial periodic structures 

terest and competence in things at the molecular and near­
molecular length scale, a current area of great promise in tech­
nology. At the other end of the length scale are macro-projects 
associated with a systems approach. Although chemical en­
gineering education has profited from its close-knit structure, 
perhaps the time has come to consider multiple tracks to a 
degree, an approach successfully followed for decades by 
electrical engineers . 

Professional Education • I will say the least about this 
because here, for the most part, chemical engineering depart­
ments are involved at the margins. Put differently, if we ex­
celled in this arena, the profession would benefit but the im­
pact would not be overwhelming. Likewise, if we turn our 
backs on professional education, the damage done is not life 
threatening to our profession or to the universities. To a large 
extent, one can say this because other stakeholders have a 
firm grasp on professional education: the professional soci­
eties, private firms, and the internal education programs of 
most large technology companies. 

Having said that, I believe there are significant opportuni­
ties for universities to gain from professional education ini­
tiatives . Stanford is probably the most outstanding example. 
Its electrical engineering and computer science departments 
and the technology culture in the Palo Alto area have been 
inseparable. From that example as well as others, distinct ad­
vantages for an academic department and its inhabitants include 

• Discretionary income for the providing unit ( a for-profit 
venture) 

• Opportunity for faculty members to be closer to the firing 
line (see above criticism aimed at many chemical engineer­
ing departments) 

• A chance for students and practitioners to mingle 

Chemical engineers may have to accomplish this virtually 
rather than actually because of distance and time constraints. 
Historically, we have declined to be heavily involved in pro­
fessional education, but there are several interesting examples 
that have some features of professional education. They in­
clude 

• An often-called "Master of Engineering" program, such as 
the one at Cornell. These involve some type of project work 
in place of a Master's thesis. Typical features of the project 
include design, teamwork, and liaison with an industrial 
partner. 

• The joint MS degree in chemical engineering between the 
University of Illinois at Urbana-Champaign (UIUC) and the 
National University of Singapore (NUS). Here, students 
from both institutions combine the features of study abroad 
and industrial experience in both countries, leading in 
approximately 18 months to a Master's degree. 
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• The MIT Practice School. This venerable program, also 
leading to a Master's degree, has been in existence for 
generations and is arguably the most influential and effective 
of all advanced work-study programs. 

These examples indicate that it is possible for profession­
ally oriented education to be both financially and intellectu­
ally rewarding for chemical engineering departments. Issues 
of resource allocation, faculty interest and talent, and geogra­
phy, however, all indicate a local decision on the importance of 
a professional education component to a department's welfare. 

Graduate Education • This is the arena that has the deep-
est effect on faculty careers at 

colleague, Michael Heath, in our Department of Computer 
Science. Mike is director of a large DOE-sponsored effort 
housed in the Center for the Simulation of Advanced Rock­
ets (CSAR) and known as the Accelerated Strategic Comput­
ing Initiative (ASCI). The mission of CSAR is to simulate 
the behavior of rockets from a systems point-of-view, mean­
ing the problem involves issues of mechanics, combustion, 
materials, and aerodynamics. Specific thrust areas are the 
province of faculty members from departments of physics 
and most of the departments of engineering at Illinois. 

Mike, whose own specialty is scientific computing, de­
scribes the work of the Cen-

a research-oriented university 
such as Wisconsin. Research 
funding, publications, graduate 
students, and professional ad­
vancement and rewards all 
hinge on graduate education. It 
is also the arena where, I be­
lieve, the distinctiveness of 
chemical engineering is rapidly 
disappearing-as is the distinc­
tiveness of any brand of engi­
neering. We are witnessing a 

TABLE2 
ter as "nonlinear everything." 
I asked him how it was pos­
sible to make rational progress 
when everything depends on 
everything. His response was 
not surprising. He stressed the 
importance of a tight network 
for efficient and multichannel 
communication. It is impera­
tive that people talk with, lis­
ten to, and understand each 
other. This requires effort on 
all sides. The materials people 
need to appreciate the prob­
lems of the propulsion people, 

Some Consequences of Task-Oriented Research 

secularization of the disciplines 
of engineering. When I was a 
Wisconsin undergraduate, the 

Assets 

Students (and faculty!) become 
technically multilingual 

Solutions to important research 
problems are more likely to 
be found 

Silo mentality is neutralized 

Attractive research topics for 
students 

auto industry held sway over mechanical engineers. The 
atrium of the Mechanical Engineering Building was deco­
rated with a huge banner hanging from the ceiling and pro­
claiming the latest doings of the Society of Automotive En­
gineers. Electrical engineering graduates went to work for 
Wisconsin Electric Power or one of the electronics compa­
nies that at that time had a high concentration in the Midwest 
(if I remember correctly, names such as Zenith, Haseltine, 
and Collins were prominent), and chemical engineers worked 
for chemical or petroleum companies, with a local emphasis 
on the paper industry. Contrast that with today: ME's design 
disk drives, ChE's work on prosthetic devices, and EE's work 
on just about everything. 

These examples are drawn primarily from the BS/MS lev­
els, but it is perhaps even more evident at the PhD level. By 
probing more deeply into our sub-specialties, we have gone 
our separate ways, a bit like swimming through fish traps of 
ever-narrower pore size, and now we are finding ourselves 
all in the same large trap. It has the name "bio/info/nano." As 
a consequence, we are entering a period of great excitement 
and opportunity at the frontiers of knowledge. It is a devel­
opment we should welcome rather than fear, but it does pose 
challenges for our system of doctoral education. I make no 
claim to having all the prescriptions for meeting those chal­
lenges, but I do have some suggestions. 

To look for some answers, I recently sought advice from a 
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Liabilities 

More difficult to do academic 
administration 

Disciplinary core can become an 
endangered species 

Unclear lines of reporting and re­
sponsibility for junior faculty 
members 

Residence time to degree can 
increase 

who in tum need to know the problems and constraints of the 
guidance and control people, etc. There must also be an over­
all goal and periodic evaluations of how the group is reach­
ing that goal. As we talked, I gained a new appreciation for 
the importance on our campuses of interdepartmental labo­
ratories, centers, and institutes. They have become more than 
desirable-they are now essential. 

I conclude from these experiences that research themes must 
go beyond the "Professor X group" mentality and that inter­
penetration among groups must be real and substantial. This 
means that PhD research will need to be "managed" more 
effectively than before. Perhaps more of the funding for our 
research should be structured along the lines of NIB and be 
project- or goal-oriented, as are most of the individual insti­
tutes of NIB. There has been periodic discussion of a similar 
structure for NSF, but to the best of my knowledge, serious 
consideration has not taken place. 

In Table 2 I have shown a balance sheet for task-oriented 
research conducted with graduate students. The capability to 
be technically multilingual and to work in cross-functional 
groups is a skill deemed critical to survival in contemporary 
professional life, and the sooner students become adept at it, 
the more valuable their service will be to an employer. This, 
by the way, is no less true in academe than in industry. The 
reason for this added-value is, of course, because most im­
portant problems today cannot be solved in isolation. Mike 
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Heath's "nonlinear everything" applies 
far beyond CSAR. Working against the 
assets of Table 2 are the potential liabili­
ties. Note, however, that with the pos­
sible exception of the second item, the 
liabilities are driven by structure rather 
than by substance. That is not to claim 
that alteration of a structure is a simple 

... an undergraduate curriculum [should] properly serve the 
person who wishes to compete at the highest level in 

graduate study in engineering or a related field. 
This . . . principle ... separates the schools preparing 

engineers from the schools preparing dilettantes. 

matter, or that the present structure does not serve a purpose. 
Overcoming the challenges posed in the liabilities column is 
perhaps the major task today of the graduate schools of the 
major research universities. 

There is an additional contemporary issue not identified in 
Table 2. Few will deny that our nation's research capability 
has been put at risk by the demise of most of our major in­
dustrial research laboratories. In the past, they often carried 
out the important task-oriented but fundamental engineering 
research essential to a technically advanced civilization's tech­
nology base. Much of that research has now been transplanted 
to university campuses. But if corporate shareholders are 
unwilling to pay for these admittedly necessary results, who 
should? The federal government? A consortium of federal 
governments? (The European Union represents one model 
of the latter.) This is a question that deserves a better answer 
than either industry or government has provided to date. A 
step in the right direction would be clearer articulation by 
government research-supporting agencies of the relative im­
portance to them of research results and the advanced educa­
tion of graduate students. 

THE COMPREHENSIVE 
PUBLIC RESEARCH UNIVERSITY 

Moving to the final item on my agenda, we must not forget 
that chemical engineering education is often conducted within 
the environment of a research university, which itself is a 
dynamic institution. Much has been written about the shape 
of research universities in the future, the increasing role of 
corporate and philanthropic support, and the need to preserve 
excellence in subjects not directly related to economic needs. 
For a more global view than is appropriate here, I refer you 
to a recent book[31 by James Duderstadt, an engineer and 
former president of the University of Michigan. 

I do wish to voice a somewhat parochial concern about 
universities such as Wisconsin and Illinois, and that is the 
ever-widening gap in resources between the top-tier private 
and the top-tier public research universities in this country. 
The former had extraordinary endowment growth during the 
1990s. That growth will, of course, erode in down-markets, 
but the miracle of compound interest is such that I fear the 
public will never catch up. 

A few years ago, Illinois made a comparison of faculty sala­
ries at different ranks among leading public and private uni­
versities. The most dramatic result of this comparison was a 
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shift that has occurred during the past twenty years. Twenty 
years ago there was a healthy mix of publics and privates 
among the top performers. Today, private institutions domi­
nate those providing the highest faculty salaries. Salaries, of 
course, do not alone reflect the quality of a research univer­
sity, but they are, over time, an important indicator. 

Midwestern universities, in particular, need to reaffirm their 
desire to compete with the best and to convince their citizens 
of the value these universities add to their states. We need a 
new articulation of the land-grant idea, probably in a con­
certed way across several states. This is too large an issue to 
be appropriate for more than a passing comment in a talk of 
this type, but it will surely affect chemical engineering edu­
cation at universities such as ours. 

So what does all of this mean for Transport Phenomena II 
and the University of Wisconsin's place in the history of 
chemical engineering education? The clear and illuminating 
developments of momentum, energy, and mass transfer found 
in Transport Phenomena I are intact in the second edition. 
Those concepts and the tight coupling between them will 
surely remain in what we consider the chemical engineering 
canon. But people toting the successor to that familiar red ( or 
in later printings, green) classic must find applications we 
haven't dreamed of. If they don' t, chemical engineering will 
deserve to be devoid of bright, ambitious, competitive, and 
interesting students. My own bet will be on the side of a fu­
ture in which Transport Phenomena II will follow its own 
laws of diffusion. The subject will penetrate into new areas 
of application and enrich them, and it will be students edu­
cated through Transport Phenomena II who will be the agents 
of change for diffusion of the subject into the broad sweep of 
modern technology. 
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