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Preface |

This book has grown out of the severe task of taking over an undergraduate
course entitled “Chemical Reactor Analysis,” which had been taught for
some years by Professor N. R. Amundson. It is to be hoped that, in the
effort to organize the material, I gained something of what the students lost
by this transition and that the results are not out of keeping with the tradition
of the department. The “philosophy” of the subject (as our contemporary
usage, rather amusingly, styles it) is outlined in the first chapter and need not
be repeated here. Suffice it to say that the attempt has been made to bring
into the undergraduate curriculum some of the more recent results of research
in this field, and to describe them, even where their full analysis is too
difficult to give in detail. Read in conjunction with the original references,
the book may also be of value to graduate students.

As always I am indebted to more people for more things than I can
possibly remember and I must ask the forgiveness of any I overlook in the
following specific acknowledgements. To my colleagues and particularly to
N. R. Amundson, J. S. Dahler, A. G. Fredrickson and L. E. Scriven, I am
obliged for much patience in discussing details and encouragement in
general. Professional colléagues outside this university who deserve special
mention are: M. Boudart, who gave me free use of his notes on kinetics
from the first and has maintained a constant interest in the progress of the
writing; E. E. Petersen, for the loan of his manuscript of “Chemical Reaction
Analysis” and his willingness to share Fig. 6.7; F. Horn, for some very
valuable discussions and cogent criticisms; W. Regenass, for help with the
computations underlying Figs. 9.17-9.20 and discussions on other points;
J. D. Maloney provided a very stimulating evening of conversation on
structure in writing and I hope that the first figures of some of the chapters
will not disappoint him.

The graduate students who assisted in the course over the last five years
have been of great help. They were P. Becker, H. Chien, A. Chou, R. Singer,
R. B. Warden; and of these Adam Chou deserves special thanks for his labors
on the computer problems. Other graduate students who have worked on
problems in this area and some of whose results are quoted are N. Blakemore,
K. Y. Lee, C. D. Siebenthal, G. T. Westbrook and D. Yesberg.
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viii Preface

For permission to use a score of problems from Cambridge University
Tripos and Qualifying Examinations I am indebted to the Syndics of the
Cambridge University Press. They are denoted by the initials C.U. For
permission to use figures from journal articles I am obliged to the following
authors and journal editors and publishers:

N. R. Amundson; A.LCh.E. Journal. Figs. 7.19; 9.15.

N. R. Amundson; Chemical Engineering Science. Figs. 7.21-24.

K. Y. Lee; Industrial and Engineering Chemistry. Figs. 8.17-20.

G. T. Westbrook; Industrial and Engineering Chemistry. Fig. 7.11, 12
R. H. Wilhelm; Pure and Applied Chemistry. Fig. 9.3.

My wife has added to her usual forebearance a great deal of hard work
in the final preparation of the manuscript for the excellent typing of which
I am again indebted to my sister-in-law, Mrs. A. Blair.

RUTHERFORD ARIS
Department of Chemical Engineering
University.of Minnesota
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What Is
Chemical Reactor I

Analysis?

I.I Introductory perspective

Let us attempt to get a bird’s eye view of the territory we wish to explore
in this book so as to start with some notion of the lie of the land and of its
boundaries. To do this is particularly important in an introductory text
where we cannot hope to cover all the ground we would wish, nor examine it
in the detail it deserves.

The word “analysis” in the title* is characteristic of our viewpoint; that is,
we want to take the subject to pieces and examine the relationship of its parts.
Out of this analysis there arise a variety of synthetic methods for the design of
chemical reactors. The basic problem, however, is to understand the structure
of the subject. Since we are attempting to understand chemical reactors and
since these are constructed expressly to perform chemical reactions, we must
start by eliciting the principles which describe chemical reactions. Here, at
the boundary of our subject, lies a neighboring domain—that of pure chemical
kinetics. This area which is concerned with the precise mechanisms or molec-
ular process of a chemical reaction, is of profound importance and great
interest. For our purposes we must be content to take its results and build
with them. Among the vast literature, an excellent introduction is to be found
in Boudart’s text. Our approach to the reaction itself is phenomenological,
dealing with it as it appears on the surface without delving into its inner
workings. In this, stoichiometry and thermostatics play a fundamental role,

* The original title of this book, Chemical Reactor Analysis, which was the title
Amundson gave to the course at the University of Minnesota (whence the dedicatory
allusion), has been lengthened to avoid possible confusion with Petersen’s Chemical

Reaction Analysis. The terms “applied reaction kinetics” and *chemical reaction engineer-
ing” are also used for this subject.
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§ 1.1 Introductory Perspective 3

for all changes of state must be within their constraints. Within this frame of
reference we are in a position to use the information the chemist can give us
about the dynamics of these changes, the nature of their driving forces and
their velocity. In doing so we take the three elements on the top line of Fig.
1.1 and see how they combine to give a reaction rate expression; but we must
always bear in mind that our borrowing from pure kinetics has not been
sufficient to give a real entrance into that part of the subject. What we shall
attempt to do, however, is to build up an understanding of the way in which
the reaction rate is influenced by the state of the reaction mixture. This is
genuine experience, for the analyst of any intellectual structure must grow by
getting a feel for each part of his subject until he reaches the point of being
able to hold it together in his mind in its true proportions. As well as getting
a feel for the variation of reaction rate, we need also to experience the shape
of the changes that reaction brings about. The chapter on the integration of
the rate equation in its isothermal form is intended to provide this, an insight
that has some bearing on how the kinetic constants may best be determined.
A feature that principally distinguishes applied chemical kinetics from pure
kinetics is the interaction of physical and chemical processes. This is adverted
to in the sixth chapter, and the steps that are involved in heterogeneous
catalysis are examined there.

These subjects constitute the middle group shown in Fig. 1.1, and if the
top line may be likened to the anatomy of the subject, the middle group can
perhaps be said to form the physiological aspects. With some grounding in
anatomy and physiology we shall be able to approach the ecological study of
reactions and see how they behave in their several habitats.

Once again, let us point out the boundaries of the area of interest. We
shall make some passing reference to, but will have no primary interest in,
the constructional details of a reactor. These are too special to an industry or
even to a particular company to afford much intellectual discipline. What we
shall be concerned with is to set up a reasonable mathematical model and so
obtain reasonable design procedures. Reasonableness in this context requires
that we include in the model all the essential features of the reactor but do not
overload it with so much detail that analysis and design become impossible.
For example, the model of a stirred tank assumes perfect mixing and leads
to a reasonable design procedure and analysis of stability and control. We
return later to see just how mixing may be described and what the effect of
imperfect mixing may be. However, we do not consider the form of the stir-
ring paddle or the way in which the tank should be baffled.

The four types of reactor that are treated are shown in Fig. 1.1; the study
of fluidized beds, important though it be, is omitted for reasons of space. The
development of each follows the same lines though it varies in amplitude
from one type to another. First, the equations of a reasonable model are set
up and from these the nature of the design problem becomes clear. Whenever



4 What Is Chemical Reactor Analysis? § 1.1

possible, the optimal design is also considered and this is often not much
more difficult to obtain than any other design. Even though the optimum may
not be practically attainable, it always provides an objective standard against
which other designs may be measured. While design is primarily a matter of
solving the steady state equations, it is important not to overlook the transient
behaviour of the reactor, for a steady state that is unstable must either be
rejected or be stabilized by the addition of a controller. We return at the end
of each chapter to reconsider some of the idealizations that have been made
in setting up the model and the effect that these may have on the design and
performance.

The four types of reactor considered are not unrelated physically or
mathematically. The mixed or stirred tank reactor and the tubular or packed
bed flow reactor are different both in construction and in their equations;
but with sufficient backmixing the flow reactor approaches the mixed type.
The batch reactor is a stirred tank with no flow, but it is described, in the
simplest model, by the same equations as the tubular reactor. The term
adiabatic refers to the mode of operation of the reactor rather than to its form,
for it may be a tubular, batch or stirred tank. The same detail of treatment
cannot be given to each topic for each reactor, partly because the areas have
not been equally fully studied and partly because the analysis of some is too
difficult for this level of presentation. For example, the transient equations of
the stirred tank are ordinary differential equations and we can take their
analysis quite far. However, the steady state equations of the tubular reactor
are already ordinary differential equations and those for the transient behavior
are partial differential equations which makes their analysis distinctly more
difficult. Wherever possible, I have attempted to present some of the results
of the deeper analysis by description and diagram with sufficient detail to make
them appear reasonable, though not obvious.

To sum up, the viewpoint is structural and the methods are analytic. But
structure is to be understood in the broadest sense, not as a static thing,
but as including function and interaction. Analysis is not thought of as the
antithesis of synthesis, but rather as the ground on which sound synthetic
methods can be based.

I.2 A note on problems and prerequisites

In no area of chemical engineering does the formulation of good problems
present greater difficulty. They tend to be either trite or impossibly lengthy.
I do not pretend to be satisfied with those given here, and I suggest that
they be supplemented by reference to other texts. While some of them do
refer to actual reactions and processes, I make no apology for the prevalence
of the reactions £ a;,4; = 0 nor even for the time honored 4 — B and 4 —
B — C. A problem is futile if it leads the student into a morass of details;
the principles involved can often be seen most clearly if the detail is omitted,
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however important this may be in another context. With a clear grasp of
principles the engineer is equipped to tackle the problems of the real world;
without them he is lost unless a relevant recipe is at hand. In teaching the
course to fourth year students, an attempt has been made to get around the
impossible lengthiness of many useful problems by simultaneously teaching
computer programming. An appendix gives some examples and further
reference to what has been done in this area.

A working knowledge of elementary calculus is presumed as well as some
acquaintance with ordinary differential equations. Experience suggests that
the latter cannot be taken for granted, and some particularly important types
are reviewed i Section 5.1. A nodding acquaintance with linear algebra is
helpful in Chapter 2. A thorough course in thermodynamics, one of the
staples of the undergraduate chemical engineer’s diet, should precede a course
on chemical reactors, and Chapter 3 is little more than a summary of required
results cast in the notation of this book. It is hoped that the large number of
diagrams will help in following the argument and teach the student to extract
as much information about the general behavior of the solution as possible
before turning to computation. Present day computers have an unrivalled
capacity for producing reams of waste paper when presented with problems
whose structure is not first well understood.
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