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PREFACE

This computational fluid dynamics (CFD) book is truly for beginners. If you have
never studied CFD before, if you have never worked in the area, and if you have no
real idea as to what the discipline is all about, then this book is for you. Absolutely
no prior knowledge of CFD is assumed on your part—only your desire to learn
something about the subject is taken for granted.

The author’s single-minded purpose in writing this book is to provide a simple,
satisfying, and motivational approach toward presenting the subject to the reader
who is learning about CFD for the first time. In the workplace, CFD is today a
mathematically sophisticated discipline. In turn, in the universities it is generally
considered to be a graduate-level subject; the existing textbooks and most of the
professional development short courses are pitched at the graduate level. The
present book is a precursor to these activities. It is intended to “break the ice” for
the reader. This book is unigue in that it is intended to be read and mastered before
you go on to any of the other existing textbooks in the field, before you take any
regular short courses in the discipline, and before you endeavor to read the existing
literature. The hallmarks of the present book are simplicity and motivation. 1t is
intended to prepare you for the more sophisticated presentations elsewhere—to give
you an overall appreciation for the basic philosophy and ideas which will then make
the more sophisticated presentations more meaningful to you later on. The
mathematical level and the prior background in fluid dynamics assumed in this
book are equivalent to those of a college senior in engineering or physical science.
Indeed, this book is targeted primarily for use as a one-semester, senior-level course
in CFD; it may also be useful in a preliminary, first-level graduate course.

There are no role models for a book on CFD at the undergraduate level; when
you ask ten different people about what form such a book should take, you get ten
different answers. This book is the author’s answer, as imperfect as it may be,
formulated after many years of thought and teaching experience. Of course, to
achieve the goals stated above, the author has made some hard choices in picking
and arranging the material in this book. It is not a state-of-the-art treatment of the
modern, sophisticated CFD of today. Such a treatment would blow the uninitiated
reader completely out of the water. This author knows; he has seen it happen over
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xxii prEFACE

and over again, where a student who wants to learn about CFD is totally turned off
by the advanced treatments and becomes unmotivated toward continuing further.
Indeed, the purpose of this book is to prepare the reader to benefit from such
advanced treatments at a later date. The present book provides a general
perspective on CFD; its purpose is to turn you, the reader, on to the subject, not to
intimidate you. Therefore, the material in this book is predominately an intuitive,
physically oriented approach to CFD. A CFD expert, when examining this book,
may at first think that some of it is “old-fashioned,” because some of the material
covered here was the state of the art in 1980. But this is the point: the older, tried-
and-proven ideas form a wonderfully intuitive and meaningful learning experience
for the uninitiated reader. With the background provided by this book, the reader
can then progress to the more sophisticated aspects of CFD in graduate school and
in the workplace. However, to increase the slope of the reader’s learning curve,
state-of-the-art CFD techniques are discussed in Chap. 11, and some very recent
and powerful examples of CFD calculations are reviewed in Chap. 12. In this
fashion, when you finish the last page of this book, you are already well on your
way to the next level of sophistication in the discipline.

This book is in part the product of the author’s experience in teaching a one-
week short course titled “Introduction to Computational Fluid Dynamics,” for the
past ten years at the von Karman Institute for Fluid Dynamics (VKI) in Belgium,
and in recent years also for Rolis-Royce in England. With this experience, this
author has discovered much of what it takes to present the elementary concepts of
CFD in a manner which is acceptable, productive, and motivational to the first-time
student. The present book directly reflects the author’s experience in this regard.
The author gives special thanks to Dr. John Wendt, Director of the VKI, who first
realized the need for such an introductory treatment of CFD, and who a decade ago
galvanized the present author into preparing such a course at VKI. Over the ensuing
years, the demand for this “Introduction to Computational Fluid Dynamics” course
has been way beyond our wildest dreams. Recently, a book containing the VKI
course notes has been published; it is Computational Fluid Dynamics: An
Introduction, edited by John F. Wendt, Springer-Verlag, 1992. The present book is a
greatly expanded sequel to this VKI book, aimed at a much more extensive
presentation of CFD pertinent to a one-semester classroom course, but keeping
within the basic spirit of simplicity and motivation.

This book is organized into four major parts. Part I introduces the basic
thoughts and philosophy associated with CFD, along with an extensive discussion
of the governing equations of fluid dynamics. It is vitally important for a student of
CFD to fully understand, and feel comfortable with, the basic physical equations;
they are the lifeblood of CFD. The author feels so strongly about this need to fully
understand and appreciate the governing equations that every effort has been made
to thoroughly derive and discuss these equations in Chap. 2. In a sense, Chap. 2
stands independently as a “mini course” in the governing equations. Experience has
shown that students of CFD come from quite varied backgrounds; in turn, their
understanding of the governing equations of fluid dynamics ranges across the
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spectrum from virtually none to adequate. Students from the whole range of this
spectrum have continually thanked the author for presenting the material in Ch{ip. 2;
those from the “virtually none” extreme are very appreciative of the opportunity to
become comfortable with these equations, and those from the “adequate” extreme
are very happy to have an integrated presentation and comprehensive review that
strips away any mystery about the myriad of different forms of the goveming
equations. Chapter 2 emphasizes the philosophy that, to be a good computational
fluid dynamicist, you must first be a good fluid dynamicist.

In Part 11, the fundamental aspects of numerical discretization of the governing
equations are developed; the discretization of the partial differential equations
(finite-difference approach) is covered in detail. Here is where the basic numerics
are introduced and where several popular numerical techniques for solving flow
problems are presented. The finite-volume discretization of the integral form of the
equations is covered via several homework problems.

Part 111 contains applications of CFD to four classic fluid dynamic problems
with well-known, exact analytical solutions, which are used as a basis for
comparison with the numerical CFD results. Clearly, the real-world applications of
CFD are to problems that do not have known analytical solutions; indeed, CFD is
our mechanism for solving flow problems that cannot be solved in any other way.
However, in the present book, which is intended to introduce the reader to the basic
aspects of CFD, nothing is gained by choosing applications where it is difficult to
check the validity of the results; rather everything is gained by choosing simple
flows with analytical solutions so that the reader can fundamentally see the
strengths and weaknesses of a given computational technique against the
background of a known, exact analytical solution. Each application is worked in
great detail so that the reader can see the direct use of much of the CFD
fundamentals which are presented in Parts I and 1. The reader is also encouraged to
write his or her own computer programs to solve these same problems, and to check
the results given in Chaps. 7 to 10. In a real sense, although the subject of this book
is computational fluid dynamics, it is also a vehicle for the reader to become more
thoroughly acquainted with fluid dynamics per se. This author has intentionally
emphasized the physical aspects of various flow problems in order to enhance the
reader’s overall understanding. In some respect, this is an example of the adage that
a student really learns the material of course N when he or she takes course N + 1.
In terms of some aspects of basic fluid dynamics, the present book represents
course N + 1.

Part IV deals with some topics which are more advanced than those discussed
earlier in the book but which constitute the essence of modern state-of-the-art
algorithms and applications in CFD. It is well beyond the scope of this book to
present the details of such advanced topics—they await your attention in your
future studies. Instead, such aspects are simply discussed in Chap. 11 just to give
you a preview of coming attractions in your future studies. The purpose of Chap. 11
is just to acquaint you with some of the ideas and vocabulary of the most modern
CFD techniques being developed today. Also, Chap. 12 examines the future of
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CFD, giving some very recent examples of pioneering applications; Chap. 12
somewhat closes the loop of this book by extending some of the motivational ideas
first discussed in Chap. 1.

The matter of computer programing per se was another hard choice faced by
the author. Should detailed computer listings be included in this book as an aid to
the reader’s computer programing and as a recognition of the importance of efficient
and modular programing for CFD? The decision was no, with the exception of a
computer listing for Thomas’ algorithm contained in the solution for Couette flow
and listed in App. A. There are good and bad programming techniques, and it
behooves the reader to become familiar and adept with efficient programming.
However, this is not the role of the present book. Rather, you are encouraged to
tackle the applications in Part III by writing your own programs as you see fit, and
not following any prescribed listing provided by the author. This is assumed to be
part of your learning process. The author wants you to get your own hands “dirty”
with CFD by writing your own programs; it is a vital part of the learning process at
this stage of your CFD education. On the other hand, detailed computer listings for
all the applications discussed in Part Il are listed in the Solutions Manual for this
book. This is done as a service to classroom instructors. In turn, the instructors are
free to release to their students any or all of these listings as deemed appropriate.

Something needs to be said about computer graphics. It was suggested by one
reviewer that some aspects of computer graphics be mentioned in the present book.
It is a good suggestion. Therefore, in Chap. 6 an entire section is devoted to
explaining and illustrating the different computer graphic techniques commonly
used in CFD. Also, examples of results presented in standard computer graphic
format are sprinkled throughout the book.

Something also needs to be said about the role of homework problems in an
introductory, senior-level CFD course, and therefore about homework problems in
the present book. This is a serious consideration, and one over which the author has
mulied for a considerable time. The actual applications of CFD—even the simplest
techniques as addressed in this book—require a substantial learning period before
the reader can actually do a reasonable calculation. Therefore, in the early chapters
of this book, there is not much opportunity for the reader to practice making
calculations via homework exercises. This is a departure from the more typical
undergraduate engineering course, where the student is usually immersed in the
“learning by doing™ process through the immediate assignment of homework
problems. Insead, the reader of this book is immersed in first learning the basic
vocabulary, philosophy, ideas, and concepts of CFD before he or she finally
encounters applications—the subject of Part IIl. Indeed, in these applications the
reader is finally encouraged to set up calculations and to get the experience of doing
some CFD work himself or herself. Even here, these applications are more on the
scale of small computer projects rather than homework problems per se. Even the
reviewers of this book are divided as to whether or not homework problems should
be included; exactly half the reviewers said yes, but the others implied that such
problems are not necessary. This author has taken some middle ground. There are
homework problems in this book, but not very many. They are included in several
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chapters to help the reader think about the details of some of the concepts being
discussed in the text. Because there are no established role models for a book in
CFD at the undergraduate level for which the present book is aimed, the author
prefers to leave the generation of large numbers of appropriate homewgrk problems
to the ingenuity of the readers and instructors—you will want to exercise your own
creativity in this regard.

This book is in keeping with the author’s earlier books in that every effort has
been made to discuss the material in an easy-to-understand writing style. This book
will talk to you in a conversational style in order to expedite your understanding of
material that sometimes is not all that easy to understand.

As stated earlier, a unique aspect of this book is its intended use in
undergraduate programs in engineering and physical science. Since the seventeenth
century, science and engineering have developed along two parallel tracks: one
dealing with pure experiment and the other dealing with pure theory. Indeed, today’s
undergraduate engineering and science curricula reflect this tradition; they give the
student a solid background in both experimental and theoretical techniques.
However, in the technical world of today, computational mechanics has emerged as
a new third approach, along with those of experiment and theory. Every graduate
will in some form or another be touched by computational mechanics in the future.
Therefore, in terms of fluid dynamics, it is essential that CFD be added to the
curriculum at the undergraduate level in order to round out the three-approach
world of today. This book is intended to expedite the teaching of CFD at the
undergraduate level and, it is hoped, to make it as pleasant and painless as possible
to both student and teacher.

A word about the flavor of this book. The author is an aerodynamicist, and
there is some natural tendency to discuss aeronautically related problems. However,
CFED 1s interdisciplinary, cutting across the fields of aerospace, mechanical, civil,
chemical, and even electrical engineering, as well as physics and chemistry. While
writing this book, the author had readers from all these areas in mind. Indeed, in the
CFD shout courses taught by this author, students from all the above disciplines
have attended and enjoyed the experience. Therefore, this book contains material
related to other disciplines well beyond that of aerospace engineering. In particular,
mechanical and civil engineers will find numerous familiar applications discussed
in Chap. 1 and will find the ADI and pressure correction techniques discussed in
Chap. 6 to be of particular interest. Indeed, the application of the pressure
correction technique for the solution of a viscous incompressible flow in Chap. 9 is
aimed squarely at mechanical and civil engineers. However, no matter what the
application may be, please keep in mind that the material in this book is generic and
that readers from many fields are welcome.

What about the sequence of material presented in this book? Can the reader
hop around and cut out some material he or she may not have time to cover, say in a
given one-semester course? The answer is essentially yes. Although the author has
composed this book such that consecutive reading of all the material in sequence
will result in the broadest understanding of CFD at the introductory level, he
recognizes that many times the reader and/or instructor does not have that luxury.
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Therefore, at strategic locations throughout the book, specifically highlighted
GUIDEPOSTS appear which instruct the reader where to go in the book and what
to do in order to specifically tailor the material as he or she so desires. The location
of these GUIDEPOSTS is also shown in the table of contents, for ready reference.

The author wishes to give special thanks to Col. Wayne Halgren, professor of
aeronautics at the U.S. Air Force Academy. Colonel Halgren took the time to study
the manuscript of this book, to organize it for a one-semester senior course at the
Academy, and to field-test it in the classroom during the spring of 1993. Then he
graciously donated his time to visit with the author at College Park in order to share
his experiences during this field test. Such information coming from an
independent source was invaluable, and a number of features contained in this
book came out of this interaction. The fact that Wayne was one of this author’s
doctoral students several years ago served to strengthen this interaction. This author
is proud to have been blessed with such quality students.

The author also wishes to thank all his colleagues in the CFD community for
many invigorating discussions on what constitutes an elementary presentation of
CFD, and especially the following reviewers of this manuscript: Ahmed Busnaina,
Clarkson University; Chien-Pin Chen, University of Alabama -Huntsville; George
S. Dulikravich, Pennsylania State University; Ira Jacobson, University of Virginia;
Osama A. Kandil, Old Dominion University; James McDonough, University of
Kentucky; Thomas J. Mueller, University of Notre Dame; Richard Pletcher, Iowa
State University; Paavo Repri, Florida Institute of Technology; P. L. Roe, University
of Michigan-Ann Arbor; Christopher Rutland, University of Wisconsin; Joe F.
Thompson, Mississippi State University; and Susan Ying, Florida State University.
This book is, in part, a product of those discussions. Also, special thanks go to
Ms. Susan Cunningham, who was the authot’s personal word processor for the
detailed preparation of this manuscript. Sue loves to type equations—she should
have had a lot of fun with this book. Of course, special appreciation goes to two
important institutions in the author’s life—the University of Maryland for providing
the necessary intellectual atmosphere for producing such a book, and my wife,
Sarah-Allen, for providing the necessary atmosphere of understanding and support
during the untold amount of hours at home required for writing this book. To all of
you, I say a most heartfelt thank you.

So, let’s get on with it! I wish you a productive trail of happy reading and happy
computing. Have fun (and I really mean that).

John D. Anderson, Jr.
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