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PREFACE

This text was written for an introductory course in fluid mechanics. Our approach to
the subject, as in previous editions, emphasizes the physical concepts of fluid
mechanics and methods of analysis that begin from basic principles. The primary
objective of this book is to help users develop an orderly approach to problem solv-
ing. Thus we always start from governing equations, state assumptions clearly, and
try to relate mathematical results to corresponding physical behavior. We emphasize
the use of control volumes to maintain a practical problem-solving approach that is
also theoretically inclusive.

This approach is illustrated by 116 example problems in the text. Solutions to
the example problems have been prepared to illustrate good solution technique and to
explain difficult points of theory. Example problems are set apart in format from the
text so they are easy to identify and follow. Forty-five example problems include
Excel workbooks on the accompanying CD-ROM, making them useful for “What
if?” analyses by students or by the instructor during class.

Additional important information about the text and our procedures is given in
the “Note to Students” section on page 1 of the printed text. We urge you to study
this section carefully and to integrate the suggested procedures into your problem
solving and results-presentation approaches.

SI units are used in about 70 percent of both example and end-of-chapter prob-
lems. English Engineering units are retained in the remaining problems to provide
experience with this traditional system and to highlight conversions among unit sys-
tems that may be derived from fundamentals.

Complete explanations presented in the text, together with numerous detailed
examples, make this book understandable for students. This frees the instructor to de-
part from conventional lecture teaching methods. Classroom time can be used to
bring in outside material, expand upon special topics (such as non-Newtonian flow,
boundary-layer flow, lift and drag, or experimental methods), solve example prob-
lems, or explain difficult points of assigned homework problems. In addition, the 45
example problem Excel workbooks are useful for presenting a variety of fluid me-
chanics phenomena, especially the effects produced when varying input parameters.
Thus each class period can be used in the manner most appropriate to meet student
needs.

The material has been selected carefully to include a broad range of topics
suitable for a one- or two-semester course at the junior or senior level. We assume a
background in rigid-body dynamics and mathematics through differential equations.
A background in thermodynamics is desirable for studying compressible flow.

More advanced material, not typically covered in a first course, has been moved
to the CD. There the advanced material is available to interested users of the book; on
the CD it does not interrupt the topic flow of the printed text.
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Material in the printed text has been organized into broad topic areas:

« Introductory concepts, scope of fluid mechanics, and fluid statics (Chapters 1,2, and 3).
« Development and application of control volume forms of basic equations (Chapter 4).
+  Development and application of differential forms of basic equations (Chapters 5 and 6).
« Dimensional analysis and correlation of experimental data (Chapter 7).

« Applications for internal viscous incompressible flows (Chapter 8).

«  Applications for external viscous incompressible flows (Chapter 9).

« Analysis of fluid machinery and system applications (Chapter 10).

« Analysis and applications of one- and two-dimensional compressible flows (Chapters
11 and 12).

Chapter 4 deals with analysis using both finite and differential contrél volumes.
The Bernoulli equation is derived (in an optional sub-section of Section 4-4) as an
example application of the basic equations to a differential control volume. Being
able to use the Bernoulli equation in Chapter 4 allows us to include more challenging
problems dealing with the momentum equation for finite control volumes.

Another derivation of the Bernoulli equation is presented in Chapter 6, where it
is obtained by integrating Euler’s equation along a streamline. If an instructor
chooses to delay introducing the Bernoulli equation, the challenging problems from
Chapter 4 may be assigned during study of Chapter 6.

This edition incorporates a number of significant changes. In Chapter 7, the dis-
cussion of non-dimensionalizing the governing equations to obtain dimensionless pa-
rameters is moved to the beginning of the chapter. Chapter 8 incorporates pumps into
the discussion of energy considerations in pipe flow. The discussion of multiple-path
pipe systems is expanded and illustrated with an interactive Excel workbook. Chapter
10 has been restructured to include separate sub-topics on machines for doing work
on, and machines for extracting work from, a fluid. Chapter 12 has been completely
restructured so that the basic equations for one-dimensional compressible flow are
derived once, and then applied to each special case (isentropic flow, nozzle .flow,
Fanno line flow, Rayleigh line flow, and normal shocks). Finally, a new section’ on
oblique shocks and expansion waves is included. :

We have made a major effort to improve clarity of writing in this edition. Pro-
fessor Philip J. Pritchard of Manhattan College, has joined the Fox-McDonald team
as co-author. Professor Pritchard reviewed the entire manuscript in detail to clarify
and improve discussions, added numerous physical examples, and prepared the Excel
workbooks that accompany 45 example problems and over 300 end-of-chapter prob-
lems. His contributions have been extraordinary. _

The sixth edition includes 1315 end-of-chapter problems. Many problems hav
been combined and contain multiple parts. Most have been structured so that all parts
need not be assigned at once, and almost 25 percent of sub-parts have been designed
to explore “What if?” questions.

About 300 problems are new or modified for this edition, and many include a
component best suited for analysis using a spreadsheet. A CD icon in the margin
identifies these problems. Many of these problems have been designed so the com-
puter component provides a parametric investigation of a single-point solution, to fa-
cilitate and encourage students in their attempts to perform “What if?” experimenta-
tion. The Excel workbooks prepared by Professor Pritchard aid this process
significantly. A new Appendix H, “A Brief Review of Microsoft Excel,” also’has been
added to the CD.



PREFACE V

We have included many open-ended problems. Some are thought-provoking
questions intended to test understanding of fundamental concepts, and some require
creative thought, synthesis, and/or narrative discussion. We hope these problems will
inspire each instructor to develop and use more open-ended problems.

The Solutions Manual for the sixth edition continues the tradition established
by Fox and McDonald: It contains a complete, detailed solution for each of the
1315 homework problems. Each solution is prepared in the same systematic way as
the example problem solutions in the printed text. Each solution begins from gov-
erning equations, clearly states assumptions, reduces governing equations to com-
puting equations, obtains an algebraic result, and finally substitutes numerical val-
ues to calculate a quantitative answer. Solutions may be reproduced for classroom
or library use, eliminating the labor of problem solving for the instructor who
adopts the text.

Problems in each chapter are arranged by topic, and within each topic they
generally increase in complexity or difficulty. This makes it easy for the instructor
to assign homework problems at the appropriate difficulty level for each section
of the book. The Solutions Manual is available in CD form directly from the
publisher upon request after the text is adopted. Go to the text’s website at www.
wiley.com/college/fox to request access to the password-protected online version, or
to www.wiley.com/college to find your local Wiley. representative and request the So-
lutions Manual in CD form.

Where appropriate, we have used open-ended design problems in place of tradi-
tional laboratory experiments. For those who do not have complete laboratory facili-
ties, students could be assigned to work in teams to solve these problems. Design
problems encourage students to spend more time exploring applications of fluid me-
chanics principles to the design of devices and systems. In the sixth edition, design
problems are included with the end-of-chapter problems.

The presentation of flow functions for compressible flow in Appendix E has
been expanded to include-data for oblique shocks and expansion waves. Expanded
forms of each table in this appendix can be printed from the associated Excel work-
books, including tables for ideal gases other than air.

Many worthwhile videos are available to demonstrate and clarify basic princi-
ples of fluid mechanics. These are referenced in the text where their use would be ap-
propriate and are also identified by supplier in Appendix C.

When students finish the fluid mechanics course, we expect them to be able to
apply the governing equations to a variety of problems, including those they have not
encountered previously. In the sixth edition we particularly emphasize physical con-
cepts throughout to help students model the variety of phenomena that occur in real
fluid flow situations. We minimize use of “magic formulas” and emphasize the sys-
tematic and fundamental approach to problem solving. By following this format, we
believe students develop confidence in their ability to apply the material and find they
can reason out solutions to rather challenging problems.

The book is well suited for independent study by students or practicing engi-
neers. Its readability and clear examples help to build confidence. Answers to many
quantitative problems are provided at the back of the printed text.

We recognize that no single approach can satisfy all needs, and we are grateful
to the many students and faculty whose comments have helped us improve upon ear-
lier editions of this book. We especially thank our reviewers for the sixth edition:
Mark A. Cappelli of Stanford University, Edward M. Gates of California State Poly-
technic University (Pomona), Jay M. Khodadadi of Auburn University, Tim Lee of
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McGill University, and S. A. Sherif of University of Florida. We look forward to con-
tinued interactions with these and other colleagues who use the book.

We appreciate the unstinting support of our wives, Beryl, Tania, and Penelope.
They are keenly aware of all the hours that went into this effort!

We welcome suggestions and/or criticisms from interested users of this book.

Robert W. Fox
Alan T. McDonald
Philip J. Pritchard
April 2003
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Chapter 1
INTRODUCTION

The goal of this textbook is to provide a clear, concise introduction to the subject of
fluid mechanics. In beginning the study of any subject, a number of questions may
come to mind. Students in the first course in fluid mechanics might ask:

What is fluid mechanics all about?

Why do I have to study it?

Why should I want to study it?

How does it relate to subject areas with which I am already familiar?

In this chapter we shall try to present some answers to these and similar ques-
tions. This should serve to establish a base and a perspective for our study of fluid
mechanics. Before proceeding with the definition of a fluid, we digress for a moment
with a few comments to students.

NOTE TO STUDENTS

In writing this book we have kept you, the student, uppermost in our minds; the book is
written for you. It is our strong feeling that classroom time should not be devoted to a
regurgitation of textbook material by the instructor. Instead, the time should be used to
amplify the textbook material by discussing related material and applying basic princi-
ples to the solution of problems. This requires: (1) a clear, concise presentation of the
fundamentals that you, the student, can read and understand, and (2) your willingness
to read the text before going to class. We have assumed responsibility for meeting the
first requirement. You must assume responsibility for satisfying the second require-
ment. There probably will be times when we fall short of these objectives. If so, we
would appreciate hearing from you either directly (at philip.pritchard @manhattan.edu)
or through your instructor.

It goes without saying that an introductory text is not all-inclusive. Your instruc-
tor undoubtedly will expand on the material presented, suggest alternative approaches
to topics, and introduce additional new material. We encourage you to refer to the
many other fluid mechanics textbooks and references available in the library and on
the Web; where another text presents a particularly good discussion of a given topic,
we shall refer to it directly.

We also encourage you to learn from your fellow students and from the graduate
assistant(s) assigned to the course as well as from your instructor. We assume that
you have had an introduction to thermodynamics (either in a basic physics course or

1
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an introductory course in thermodynamics) and prior courses in statics, dynamics,
and differential and integral calculus. No attempt will be made to restate this subject
material; however, the pertinent aspects of this previous study will be reviewed
briefly when appropriate.

It is our strong belief that one learns best by doing. This is true whether the sub-
ject under study is fluid mechanics, thermodynamics, or golf. The fundamentals in
any of these are few, and mastery of them comes through practice. Thus it is ex-
tremely important that you solve problems. The numerous problems included at the
end of each chapter provide the opportunity to practice applying fundamentals to the
solution of problems. You should avoid the temptation to adopt a “plug and chug” ap-
proach to solving problems. Most of the problems are such that this approach simply
will not work. In solving problems we strongly recommend that you proceed using
the following logical steps:

1. State briefly and concisely (in your own words) the information given.
State the information to be found.

3. Draw a schematic of the system or control volume to be used in the analysis. Be sure to label
the boundaries of the system or control volume and label appropriate coordinate directions.

4. Give the appropriate mathematical formulation of the basic laws that you consider neces-
sary to solve the problem.

5. List the simplifying assumptions that you feel are appropriate in the problem.

6. Complete the analysis algebraically before substituting numerical values.

7. Substitute numerical values (using a consistent set of units) to obtain a numerical answer.
a. Reference the source of values for any physical properties.
b. Be sure the significant figures in the answer are consistent with the given data.

8. Check the answer and review the assumptions made in the solution to make sure they are
reasonable.

9. Label the answer.

In your initial work this problem format may seem unnecessary and even long-
winded. However, such an orderly approach to the solution of problems will reduce
errors, save time, and permit a clearer understanding of the limitations of a particular
solution. This approach also prepares you for communicating your solution method
and results to others, as will often be necessary in your career. This format is used
in all example problems presented in this text; answers to example problems are
rounded to three significant figures.

Most engineering calculations involve measured values or physical property
data. Every measured value has associated with it an experimental uncertainty. The
uncertainty in a measurement can be reduced with care and by applying more precise
measurement techniques, but cost and time needed to obtain data rise sharply as
measurement precision is increased. Consequently, few engineering data are suffi-
ciently precise to justify the use of more than three significant figures.

Not all measurements can be made to the same degree of accuracy and not all
data are equally good; the validity of data should be documented before test results
are used for design. A statement of the probable uncertainty of data is an important
part of reporting experimental results completely and clearly. Analysis of uncertainty
also is useful during experiment design. Careful study may indicate potential sources
of unacceptable error and suggest improved measurement methods.

The principles of specifying the experimental uncertainty of a measurement
and of estimating the uncertainty of a calculated result are reviewed in Appendix F.
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These should be understood thoroughly by anyone who performs laboratory work.
We suggest you take time to review Appendix F before performing laboratory work
or solving the homework problems at the end of this chapter.

2 DEFINITION OF A FLUID

We already have a common-sense idea of when we are working with a fluid, as op-
posed to a solid: Fluids tend to flow when we interact with them (e.g., when you stir
your morning coffee); solids tend to deform or bend (e.g., when you type on a key-
board, the springs under the keys compress). Engineers need a more formal and pre-
cise definition of a fluid: A fluid is a substance that deforms continuously under the
application of a shear (tangential) stress no matter how small the shear stress may be.

Thus fluids comprise the liquid and gas (or vapor) phases of the physical forms
in which matter exists. The distinction between a fluid and the solid state of matter is

“clear if you compare fluid and solid behavior. A solid deforms when a shear stress
is applied, but its deformation does not continue to increase with time.

In Fig. 1.1 the deformations of a solid (Fig. 1.1a) and a fluid (Fig. 1.15) under
the action of a constant shear force are contrasted. In Fig. 1.1a the shear force is ap-
plied to the solid through the upper of two plates to which the solid has been bonded.
When the shear force is applied to the plate, the block is deformed as shown. From
our previous work in mechanics, we know that, provided the elastic limit of the solid
material is not exceeded, the deformation is proportional to the applied shear stress,
T = FJA, where A is the area of the surface in contact with the plate.

To repeat the experiment with a fluid between the plates, use a dye marker to
outline a fluid element as shown by the solid lines (Fig. 1.10). When the shear
force, F, is applied to the upper plate, the deformation of the fluid element contin-
ues to increase as long as the force is applied. The fluid in direct contact with the
solid boundary has the same velocity as the boundary itself; there is no slip at the
boundary. This is an experimental fact based on numerous observations of fluid be-
havior.! The shape of the fluid element, at successive instants of time , > #; > £, is
shown (Fig. 1.1b) by the dashed lines, which represent the positions of the dye
markers at successive times. Because the fluid motion continues under the applica-
tion of a shear stress, we can also define a fluid as a substance that cannot sustain a
shear stress when at rest.

(a) Solid (b) Fluid

Fig. 1.1 Behavior of a solid and a fluid, under the action of a constant
shear force.

! The no-slip condition is demonstrated in the NCFMF video Fundamentals of Boundary Layers. A com-
plete list of fluid mechanics video titles and sources is given in Appendix C.



4 CHAPTER1 / INTRODUCTION

SCOPE OF FLUID MECHANICS

Fluid mechanics deals with the behavior of fluids at rest and in motion. We might ask
the question: “Why study fluid mechanics?”

Knowledge and understanding of the basic principles and concepts of fluid me-
chanics are essential to analyze any system in which a fluid is the working medium. We
can give many examples. The design of virtually all means of transportation requires
application of the principles of fluid mechanics. Included are subsonic and supersonic
aircraft, surface ships, submarines, and automobiles. In recent years automobile manu-
facturers have given more consideration to aerodynamic design. This has been true for
some time for the designers of both racing cars and boats. The design of propulsion
systems for space flight as well as for toy rockets is based on the principles of fluid
mechanics. The collapse of the Tacoma Narrows Bridge in 1940 is evidence of the pos-
sible consequences of neglecting the basic principles of fluid mechanics.? It is com-
monplace today to perform model studies to determine the aerodynamic forces on, and
flow fields around, buildings and structures. These include studies of skyscrapers, base-
ball stadiums, smokestacks, and shopping plazas.

The design of all types of fluid machinery including pumps, fans, blowers, com-
pressors, and turbines clearly requires knowledge of the basic principles of fluid me-
chanics. Lubrication is an application of considerable importance in fluid mechanics.
Heating and ventilating systems for private homes and large office buildings and the
design of pipeline systems are further examples of technical problem areas requiring
knowledge of fluid mechanics. The circulatory system of the body is essentially a
fluid system. It is not surprising that the design of blood substitutes, artificial hearts,
heart-lung machines, breathing aids, and other such devices must rely on the basic
principles of fluid mechanics.

Even some of our recreational endeavors are directly related to fluid mechanics.
The slicing and hooking of golf balls can be explained by the principles of fluid me-
chanics (although they can be corrected only by a golf pro!).

This list of real-world applications of fluid mechanics could go on indefinitely.
Our main point here is that fluid mechanics is not a subject studied for purely aca-
demic interest; rather, it is a subject with widespread importance both in our every-
day experiences and in modern technology.

Clearly, we cannot hope to consider in detail even a small percentage of these
and other specific problems of fluid mechanics. Instead, the purpose of this text is to
present the basic laws and associated physical concepts that provide the basis or start-
ing point in the analysis of any problem in fluid mechanics.

BASIC EQUATIONS

Analysis of any problem in fluid mechanics necessarily includes statement of the ba-
sic laws governing the fluid motion. The basic laws, which are applicable to any
fluid, are:

2 For dramatic evidence of aerodynamic forces in action, see the short video Collapse of the Tacoma Nar-
rows Bridge.



