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General Approach

Learning Tools

Content Changes

Preface

The fifth edition of Fluid Mechanics includes a number of additions and deletions,
but no change in the philosophy of the book. The basic outline of 11 chapters, plus
appendices, remains the same. The triad of integral, differential, and experimental
approaches is retained. New problem exercises have been added, and many problems
and worked examples have been changed. The informal, student-oriented style is
retained. A number of new photographs and figures have been added.

The total number of problem exercises continues to increase, from 1089 in the first
edition to 1169 in the second, 1392 in the third, 1500 in the fourth, and now 1650 in
this fifth edition. Most of these are basic end-of-chapter problems, classified accord-
ing to topic. There are also word problems, multiple-choice Fundamentals of Engi-
neering Exam problems, comprehensive problems, and design projects. The appendix
lists answers to selected problems.

The example problems have been newly restructured throughout the text, follow-
ing the sequence of steps outlined in Sec. 1.13 in order to provide a uniform problem-
solving approach for students.

The Engineering Equation Solver (EES), described in Appendix E, is bound in-with
the text and continues its role as an attractive software tool for modeling and solving
fluid mechanics and, indeed, other engineering problems. Not only is EES an excel-
lent solver; it also contains thermophysical properties, publication-quality plotting,

. units checking, and many mathematical functions. The author is indebted to Sanford

Klein and William Beckman, of the University of Wisconsin and F-Chart Inc., for
invaluable and continuous help in preparing and updating EES for use in this text.

There are some revisions in each chapter. Chapter 1 has been toned down consider-
ably, with heavier topics moved to later chapters. New discussion and figures have
been added on the important topic of flow visualization.

Chapter 2 has added new material on pressure transducers.

Chapter 3 introduces a list of specific suggestions on handling the difficult linear
momentum equation. Bernoulli’s equation still comes last and is not broken out into
a new chapter. I try to stress that the Bernoulli relation is dangerously restricted and
is often misused by both students and graduate engineers.

xiii
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Chapter 4 now includes the derivation of laminar Poiseuille pipe flow, as an exam-
ple of an exact solution to the Navier-Stokes equation. The topic is revisited briefly
in Chapter 6. If you disagree with this sequence, just hold back and treat Sections
4.10 and 4.11 later in your course.

Chapter 5 now has a complete section on the selection of scaling variables for a
dimensional analysis. By deciding in advance how to scale and present the data, ambi-
guity is reduced or eliminated.

Chapter 6 has added a new section on head loss and friction factor. Laminar and
turbulent pipe flow have been separated for greater clarity. Turbulence modeling has
been broken out as a separate section. New data have been added on minor losses,
and new flow meters have been discussed. Orifice and nozzle meters now include the
compressible flow correction factor.

Chapter 7 has new discussion of computational fluid dynamics (CFD) and more
detail on the boundary layer approximations. A new section has been added on creep-
ing flow.

Chapter 8, except for new problems and references, is much the same. I suspect
that this is the most extensive treatment of potential flow in an undergraduate text.

Chapter 9 has more discussion of Fanno and Rayleigh flow and presents some of
the new trends in aeronautics, both subsonic and supersonic.

Chapter 10 has more discussion of Froude numbers and has improved the treat-
ment of gradually varied flow transitions, thanks to Professor Bruce E. LaRock of the
University of California, Davis. A simple finite-difference varied flow scheme has
been added that is useful when field measurements are sparse. The concept of a com-
pound weir has been introduced.

Chapter 11 is much the same, except for improvements and corrections suggested
by Professor Gordon Holloway of the University of New Brunswick.

The Student Resources CD-ROM contains the Limited Academic Version of the EES
program; information on use of the software; and scripted EES problems from the
textbook. The Limited Academic Version is a scaled-down version of EES that does
not expire; the full Academic Version of EES, which needs to be renewed annually
through use of a new password, is also available to adopters of Fluid Mechanics, by
downloading from the EES website as before.

The Book Website contains a Student Study Guide, prepared by Professor Jerry
Dunn of Texas Tech University, that provides a concise review of all major topics
covered in a first course; interactive versions of the FE Exam questions found in the
text, prepared by Professor Edward Anderson of Texas Tech University, that are suit-
able for exam preparation or for self-testing; a link to the EES website; and Power-
Point versions of all text figures.

The Solutions Manual provides complete and detailed solutions, including prob-
lem statements and artwork, to all the end-of-chapter problems. '

As usual, so many people have helped me that I cannot remember or list them all.
Throughout the writing, many much-appreciated suggestions and improvements were
given by Gordon Holloway of the University of New Brunswick. All of the revisions
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Hurricane Elena in the Gulf of Mexico. Unlike most small-scale fluids engineering applications,
hurricanes are strongly affected by the Coriolis acceleration due to the rotation of the earth,
which causes them to swirl counterclockwise in the Northern Hemisphere. The physical prop-
erties and boundary conditions which govern such flows are discussed in the present chapter.
(Courtesy of NASA/Color-Pic Inc—E R. Degginger/Color-Pic Inc.)



1.1 Preliminary Remarks

Chapter 1
Introduction

Fluid mechanics is the study of fluids either in motion (fluid dynamics) or at rest (fluid
statics). Both gases and liquids are classified as fluids, and the number of fluid engi-
neering applications is enormous: breathing, blood flow, swimming, pumps, fans, tur-
bines, airplanes, ships, rivers, windmills, pipes, missiles, icebergs, engines, filters, jets,
and sprinklers, to name a few. When you think about it, almost everything on this
planet either is a fluid or moves within or near a fluid.

The essence of the subject of fluid flow is a judicious compromise between theory
and experiment. Since fluid flow is a branch of mechanics, it satisfies a set of well-
documented basic laws, and thus a great deal of theoretical treatment is available. How-
ever, the theory is often frustrating because it applies mainly to idealized situations,
which may be invalid in practical problems. The two chief obstacles to a workable the-
ory are geometry and viscosity. The basic equations of fluid motion (Chap. 4) are too
difficult to enable the analyst to attack arbitrary geometric configurations. Thus most
textbooks concentrate on flat plates, circular pipes, and other easy geometries. It is pos-
sible to apply numerical computer techniques to complex geometries, and specialized
textbooks are now available to explain the new computational fluid dynamics (CFD)
approximations and methods [1, 2, 29]." This book will present many theoretical results
while keeping their limitations in mind.

The second obstacle to a workable theory is the action of viscosity, which can
be neglected only in certain idealized flows (Chap. 8). First, viscosity increases the
difficulty of the basic equations, although the boundary-layer approximation found
by Ludwig Prandtl in 1904 (Chap. 7) has greatly simplified viscous-flow analyses.
Second, viscosity has a destabilizing effect on all fluids, giving rise, at frustratingly
small velocities, to a disorderly, random phenomenon called turbulence. The theory
of turbulent flow is crude and heavily backed up by experiment (Chap. 6), yet it
can be quite serviceable as an engineering estimate. Textbooks now present digital-
computer techniques for turbulent flow analysis [32], but they are modeled, not
exact, based on empirical assumptions regarding the time mean of the turbulent

stress field.

"Numbered references appear at the end of each chapter.




4 Chapter 1 Introduction

1.2 The Concept of a Fluid

Thus there is theory available for fluid flow problems, but in all cases it should
be backed up by experiment. Often the experimental data provide the main source
of information about specific flows, such as the drag and lift of immersed bodies
(Chap. 7). Fortunately, fluid mechanics is a highly visual subject, with good instru-
mentation {4, 5, 35], and the use of dimensional analysis and modeling concepts
(Chap. 5) is widespread. Thus experimentation provides a natural and easy comple-
ment to the theory. You should keep in mind that theory and experiment should go
hand in hand in all studies of fluid mechanics.

From the point of view of fluid mechanics, all matter consists of only two states, fluid
and solid. The difference between the two is perfectly obvious to the layperson, and it
is an interesting exercise to ask a layperson to put this difference into words. The tech-
nical distinction lies with the reaction of the two to an applied shear or tangential stress.
A solid can resist a shear stress by a static deflection; a fluid cannot. Any shear stress
applied to a fluid, no matter how small, will result in motion of that fluid. The fluid
moves and deforms continuously as long as the shear stress is applied. As a corollary,
we can say that a fluid at rest must be in a state of zero shear stress, a state often called
the hydrostatic stress condition in structural analysis. In this condition, Mohr’s circle
for stress reduces to a point, and there is no shear stress on any plane cut through the
element under stress.

Given this definition of a fluid, every layperson also knows that there are two
classes of fluids, liguids and gases. Again the distinction is a technical one concern-
ing the effect of cohesive forces. A liquid, being composed of relatively close-packed
molecules with strong cohesive forces, tends to retain its volume and will form a free
surface in a gravitational field if unconfined from above. Free-surface flows are dom-
inated by gravitational effects and are studied in Chaps. 5 and 10. Since gas mole-
cules are widely spaced with negligible cohesive forces, a gas is free to expand until
it encounters confining walls. A gas has no definite volume, and when left to itself
without confinement, a gas forms an atmosphere that is essentially hydrostatic. The
hydrostatic behavior of liquids and gases is taken up in Chap. 2. Gases cannot form
a free surface, and thus gas flows are rarely concerned with gravitational effects other
than buoyancy.

Figure 1.1 illustrates a solid block resting on a rigid plane and stressed by its own
weight. The solid sags into a static deflection, shown as a highly exaggerated dashed
line, resisting shear without flow. A free-body diagram of element A on the side of
the block shows that there is shear in the block along a plane cut at an angle 6 through
A. Since the block sides are unsupported, element A has zero stress on the left and
right sides and compression stress ¢ = —p on the top and bottom. Mohr’s circle does
not reduce to a point, and there is nonzero shear stress in the block.

By contrast, the liquid and gas at rest in Fig. 1.1 require the supporting walls
in order to eliminate shear stress. The walls exert a compression stress of —p and
reduce Mohr’s circle to a point with zero shear everywhere—that is, the hydro-
static condition. The liquid retains its volume and forms a free surface in the con-
tainer. If the walls are removed, shear develops in the liquid and a big splash
results. If the container is tilted, shear again develops, waves form, and the free
surface seeks a horizontal configuration, pouring out over the lip if necessary.



