FOX AND McDONALD’S
INTRODUCTION TO FLUID MECHANICS

-/"

‘ﬁ%ﬂ‘
I — u&J

Oth edition Philip J. Pritchard John W. Mitchell

m

WILEY






SI Units and Prefixes?

SI Units Quantity Unit SI Symbol Formula
SI base units: Length meter m —
Mass kilogram kg —
Time second S —
Temperature kelvin K —
SI supplementary unit: Plane angle radian rad —
SI derived units: Energy joule J N-m
Force newton N kg - m/s*
Power watt w Jis
Pressure pascal Pa N/m?
Work joule J N-m
SI prefixes Multiplication Factor Prefix SI Symbol
1 000 000 000 000 = 10" tera T
1 000 000 000 = 10° giga G
1 000 000 = 10° mega M
1000 = 10° kilo k
0.01 =102 centi” c
0.001 = 107> milli m
0.000 001 = 107° micro U
0.000 000 001 = 107" nano n
0.000 000 000 001 = 107"2 pico p

“Source: ASTM SI110-10, IEEE/ASTM SI 10 American National Standard for Metric Practice, ASTM International,

West Conshohocken, PA, 2010, www.astm.org
®To be avoided where possible.



http://www.astm.org

Conversion Factors and Definitions

Fundamental Dimension

English Unit

Exact SI Value

Approximate SI Value

Length 1 in. 0.0254 m —
Mass 1 Ibm 0.453 592 37 kg 0.454 kg
Temperature 1°F 5/9 K —
Definitions:
Acceleration of gravity: £=9.8066 m/s? (=32.174ft/s?)
Energy: Btu (British thermal unit) = amount of energy required to raise the temperature of 1 Ibm
of water 1°F (1 Btu = 778.2 ft - 1bf)
kilocalorie = amount of energy required to raise the temperature of 1 kg of water
1 K(1 kcal = 4187 J)
Length: 1 mile = 5280 ft; 1 nautical mile = 6076.1 ft = 1852 m (exact)
Power: 1 horsepower = 550 ft - 1bf/s
Pressure: 1 bar = 10° Pa
Temperature: degree Fahrenheit, Tr = %TC + 32 (where T¢ is degrees Celsius)
degree Rankine, Tg = TF +459.67
Kelvin, Tx =T +273.15 (exact)
Viscosity: 1 Poise = 0.1 kg/(m - s)
1 Stoke = 0.0001 m*/s
Volume: 1 gal =231 in.> (1 ft® = 7.48 gal)

Useful Conversion Factors:
Length:

Mass:
Force:

Velocity:

Pressure:

Energy:

1 ft = 0.3048 m

1in. = 25.4 mm

1 Ibm = 0.4536 kg

1 slug = 14.59 kg
11bf =4.448 N

1 kgf =9.807 N

1 ft/s = 0.3048 m/s

1 ft/s = 15/22 mph

1 mph = 0.447 m/s

1 psi = 6.895 kPa

1 Ibf/ft* = 47.88 Pa

1 atm = 101.3 kPa

1 atm = 14.7 psi

1 in. Hg = 3.386 kPa
1 mm Hg = 133.3 Pa
1 Btu = 1.055 kJ
1ft-Ibf =1.3561]

1 cal =4.187]

Power:

Area

Volume:

Volume flow rate:

Viscosity (dynamic)

Viscosity (kinematic)

1hp=7457 W

1 ft-1bf/s = 1.356 W

1 Btu/hr = 0.2931 W

1 f* = 0.0929 m?

1 acre = 4047 m?

1 f =0.02832 m®

1 gal (US) = 0.003785 m®
1 gal (US) =3.785L

1 ft¥/s = 0.02832 m’/s

1 gpm = 6.309 x 10™ > m/s
1 Ibf- s/ft> = 47.88 N - s/m>
1 g/(cm-s) = 0.1 N-s/m?

1 Poise = 0.1 N - s/m”

1 ft*/s = 0.0929 m*/s

1 Stoke = 0.0001 m*/s
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Introduction

This text is written for an introductory course in fluid mechan-
ics. Our approach to the subject, emphasizes the physical
concepts of fluid mechanics and methods of analysis that
begin from basic principles. The primary objective of this text
is to help users develop an orderly approach to problem sol-
ving. 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.

Proven Problem-Solving Methodology

The Fox-McDonald solution methodology used in this text is
illustrated in numerous examples in each chapter. Solutions
presented in the examples have been prepared to illustrate good
solution technique and to explain difficult points of theory.
Examples are set apart in format from the text so that
they are easy to identify and follow. Additional important
information about the text and our procedures is given in
“Note to Students” in Section 1.1. We urge you to study this
section carefully and to integrate the suggested procedures into
your problem-solving and results-presentation approaches.

SI and English Units

ST units are used in about 70 percent of both example and end-
of-chapter problems. English Engineering units are retained
in the remaining problems to provide experience with this
traditional system and to highlight conversions among unit
systems.

Goals and Advantages of Using This Text

Complete explanations presented in the text, together with
numerous detailed examples, make this book understandable
for students, freeing the instructor to depart from conventional
lecture teaching methods. Classroom time can be used to
bring in outside material, expand on special topics (such as
non-Newtonian flow, boundary-layer flow, lift and drag, or
experimental methods), solve example problems, or explain
difficult points of assigned homework problems. In addition,
many example Excel workbooks have been developed for pre-
senting a variety of fluid mechanics 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.

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 previ-
ously. We particularly emphasize physical concepts throughout
to help students model the variety of phenomena that occur in
real fluid flow situations. Although we collect useful equations
at the end of each chapter, we stress that our philosophy is to
minimize the use of so-called “magic formulas” and emphasize
the systematic and fundamental approach to problem solving.
By following this format, we believe students develop confi-
dence in their ability to apply the material and to find that they
can reason out solutions to rather challenging problems.

The book is well suited for independent study by students
or practicing engineers. Its readability and clear examples help
build confidence. Answers to selected problems are included,
so students may check their own work.

Topical Coverage

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, mathematics through differential equations,
and thermodynamics.

More advanced material, not typically covered in a first
course, has been moved to the website (these sections are
identified in the Table of Contents as being on the website).
Advanced material is available online at www.wiley.com/
college/pritchard so that it does not interrupt the topic flow
of the printed text.

Material in the printed text has been organized into broad
topic areas:

e Introductory concepts, scope of fluid mechanics, and fluid
statics (Chapters 1, 2, and 3)

e Development and application of control volume forms of
basic equations (Chapter 4)

e Development and application of differential forms of basic
equations (Chapters 5 and 6)

e Dimensional analysis and correlation of experimental data
(Chapter 7)

e Applications for internal viscous incompressible flows
(Chapter 8)
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e Applications for external viscous incompressible flows
(Chapter 9)

e Analysis of fluid machinery and system applications
(Chapter 10)

e Analysis and applications of open-channel flows (Chapter 11)

e Analysis and applications of one-dimensional compressible
flows (Chapter 12)

Chapter 4 deals with analysis using both finite and differ-
ential control volumes. The Bernoulli equation is derived 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 deal-
ing 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 equa-
tion along a streamline. If an instructor chooses to delay intro-
ducing the Bernoulli equation, the challenging problems from
Chapter 4 may be assigned during study of Chapter 6.

Text Features

This edition incorporates a number of features that enhance
learning:

e Chapter Summary and Useful Equations: At the end of each
chapter we collect for the student’s convenience the most
used or most significant equations of the chapter. Although
this is a convenience, we cannot stress enough the need for
the student to understand the assumptions and limitations of
each equation before using it!

e Design Problems: Where appropriate, we have provided
open-ended design problems. Students could be assigned
to work in teams to solve these problems. Design problems
encourage students to spend more time exploring applica-
tions of fluid mechanics principles to the design of devices
and systems. As in the previous edition, design problems
are included with the end-of-chapter problems.

e Open-Ended Problems: 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 narra-
tive discussion. We hope these problems will help instruc-
tors to encourage their students to think and work in more
dynamic ways, as well as to inspire each instructor to
develop and use more open-ended problems.

e End-of-Chapter Problems: Problems in each chapter are
arranged by topic, and grouped according to the chapter
section headings. 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.

o Answers to Selected Problems: Answers to odd-numbered
problems are listed at the end of the book as a useful aid for
students to check their understanding of the material.

o Examples: Several of the examples include Excel work-
books, available online at the text website, making them
useful for “what-if” analyses by students or by the
instructor.

New to This Edition

This edition incorporates a number of significant changes:

Many new end-of-chapter homework problems have been
developed, with the result that about 30 percent of the pro-
blems have not appeared in previous editions. These new pro-
blems were selected to require a spectrum of skills and
concepts. At one end of the spectrum are those problems that
focus on a single concept, which allows students to test their
understanding of basic material. At the other end are challeng-
ing situations that bring in several concepts and advanced
problem-solving skills, which allows students to assess their
ability to integrate the material. This wide spectrum allows
the instructor to match the complexity of the problem to stu-
dent ability, facilitating the assignment of more challenging
problems as students master the subject.

Each chapter is introduced with a case study that is an
interesting and novel application of the material in the chapter.
Our goal is to illustrate the broad range of areas that fall within
the discipline of fluid mechanics. In general, these are special-
ized subjects that cannot be covered in depth in a text such as
this one. We hope that these case studies stimulate the student
to explore further and not feel limited by the topics that can be
covered in this text.

Often, fluid behavior can best be understood though visu-
alization techniques that capture the dynamics of a flowing
fluid. For many of the chapter subjects, short videos are avail-
able that illustrate a specific phenomenon. These videos, which
are available online to both the student and the instructor on the
text’s companion website, are indicated by an icon in the margin
of the text. We also include references to much more extensive
collections of videos on a wide range of fluid mechanics topics.
We encourage both students and instructors to use these videos
to gain insight into the actual behavior of fluids.

The subject of compressible fluid flow was covered in two
chapters in previous editions. These two chapters have now
been combined into one and the more advanced material
(Fanno flow, Rayleigh flow, and oblique shock and expansion
waves) has been removed from the text. These sections and the
corresponding problems are available on the companion web-
site for instructors and students. They provide an excellent
introduction for those interested in a more in-depth study of
compressible flow. The coverage of compressible flow in
the current edition parallels the coverage of open-channel
flow, emphasizing the similarity between the two topics.

Resources for Instructors

The following resources are available to instructors who
adopt this text. Visit the companion website www.wiley.com/
college/pritchard to register for a password.
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e Solutions Manual: The solutions manual for this edition
contains a complete, detailed solution for all homework
problems. The expected solution difficulty is indicated,
and each solution is prepared in the same systematic way
as the example solutions in the printed text. Each solution
begins from governing equations, clearly states assump-
tions, reduces governing equations to computing equations,
obtains an algebraic result, and finally substitutes numerical
values to obtain a quantitative answer. Solutions may be
reproduced for classroom or library use, eliminating the
labor of problem solving for the instructor.

e Problem Key: A list of all problems that are renumbered
from the eighth edition of this title, to the ninth edition.

e PowerPoint Lecture Slides: Lecture slides outline the con-
cepts in the book and include appropriate illustrations and
equations.

e [mage Gallery: lllustrations are taken from the text in a for-
mat appropriate to include in lecture presentations.

e Sample Syllabi: Syllabi appropriate for use in teaching a
one-semester course in fluid mechanics are provided.
First-time instructors will find these a helpful guide to creat-
ing an appropriate emphasis on the different topics.

e Online-Only Chapter Content: These additional topics sup-
plement the material in the text. The topics covered are
fluids in rigid body motion, accelerating control volumes,
the unsteady Bernoulli equation, the classical laminar
boundary layer solution, and compressible flow (Fanno
flow, Rayleigh flow, and oblique shock and expansion
waves). These online-only sections also include appropriate
end-of-chapter problems.

e Videos: The videos referenced by icons throughout the text
(and in Appendix B) can be accessed from the text’s compan-
ion website. In Appendix B there is a reference to the “classic
videos” developed by the National Committee for Fluid
Mechanics Films and to the large number of videos available
from the Cambridge University Press. Excerpts from these
longer films are often helpful in explaining fluid phenomena.

e Appendix G: A Brief Review of Microsoft Excel: Prepared
by Philip Pritchard, this online-only resource coaches stu-
dents in setting up and solving fluid mechanics problems
using Excel spreadsheets.

e Excel Files: These Excel files and add-ins are for use with
specific examples from the text.

Resources for Students

The following resources are available on the text’s companion
website at www.wiley.com/college/pritchard for students
enrolled in classes that adopt this text.

e Appendix G: A Brief Review of Microsoft Excel: This
online-only material will aid students in using Excel to
solve the end-of-chapter problems.
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e Excel Files: These Excel files and add-ins are for use with
specific examples from the text.

e Online-Only Chapter Content: The same additional topics
provided to instructors are also available to students.

e Videos: The videos referenced by icons throughout the text
and in Appendix B are accessed from the website.

WileyPLUS

WileyPLUS is an online learning and assessment environment,
where students test their understanding of concepts, get feed-
back on their answers, and access learning materials like the
eText and multimedia resources. Instructors can automate
assignments, create practice quizzes, assess students’ progress,
and intervene with those falling behind.
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CHAPTER 1

Introduction

1.1 Introduction to Fluid Mechanics
1.2 Basic Equations
1.3 Methods of Analysis

Case Study

At the beginning of each chapter we present a case study that shows
how the material in the chapter is incorporated into modern technol-
ogy. We have tried to present novel developments that show the
ongoing importance of the field of fluid mechanics. Perhaps, as a
creative new engineer, you’ll be able to use the ideas you learn in
this course to improve current fluid-mechanics devices or invent
new ones!

Wind Power

According to the July 16, 2009, edition of the New York Times, the
global wind energy potential is much higher than previously esti-
mated by both wind industry groups and government agencies.
Using data from thousands of meteorological stations, the
research indicates that the world’s wind power potential is about
40 times greater than total current power consumption; previous
studies had put that multiple at about seven times! In the lower
48 states, the potential from wind power is 16 times more than
total electricity demand in the United States, the researchers
suggested, again much higher than a 2008 Department of Energy
study that projected wind could supply a fifth of all electricity in
the country by 2030. The findings indicate the validity of the
often made claim that “the United States is the Saudi Arabia of
wind.” The new estimate is based the idea of deploying 2.5- to
3-megawatt (MW) wind turbines in rural areas that are neither

Courtesy of KiteGen and Archer & Caldeira

KiteGen's kites would fly at an altitude of about 1000 m
and spin a power carousel on the ground.

1.4 Dimensions and Units
1.5 Analysis of Experimental Error
1.6 Summary
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frozen nor forested and also on shallow offshore locations, and
itincludes a conservative 20 percent estimate for capacity factor,
which is a measure of how much energy a given turbine actually
produces. It has been estimated that the total power from the
wind that could conceivably be extracted is about 72 terawatts
(TW 72 x10'? watts). Bearing in mind that the total power con-
sumption by all humans was about 16 TW (as of 2006), it is clear
that wind energy could supply all the world’s needs for the fore-
seeable future!

One reason for the new estimate is due to the increasingly
common use of very large turbines that rise to almost 100 m,
where wind speeds are greater. Previous wind studies were
based on the use of 50- to 80-m turbines. In addition, to reach
even higher elevations (and hence wind speed), two approaches
have been proposed. In a recent paper, Professor Archer at
California State University and Professor Caldeira at the
Carnegie Institution of Washington, Stanford, discussed some
possibilities. One of these is a design of KiteGen (shown in the
figure), consisting of tethered airfoils (kites) manipulated by a
control unit and connected to a ground-based, carousel-shaped
generator; the kites are maneuvered so that they drive the
carousel, generating power, possibly as much as 100 MW. This
approach would be best for the lowest few kilometers of the
atmosphere. An approach using further increases in elevation

Courtesy of Ben Shepard and Archer & Caldeira

Sky Windpower's flying electric generators would fly at
altitudes of about 10,000 m.
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is to generate electricity aloft and then transmit it to the surface would lift themselves into place with supplied electricity to
with a tether. In the design proposed by Sky Windpower, four reach the desired altitude but would then generate up to
rotors are mounted on an airframe; the rotors both provide lift 40 MW of power. Multiple arrays could be used for large-scale
for the device and power electricity generation. The aircraft electricity generation.
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1.1 Introduction to Fluid Mechanics

We decided to title this textbook “Introduction to ...” for the following reason: After studying the text,
you will not be able to design the streamlining of a new car or an airplane, or design a new heart valve, or
select the correct air extractors and ducting for a $100 million building; however, you will have devel-
oped a good understanding of the concepts behind all of these, and many other applications, and have
made significant progress toward being ready to work on such state-of-the-art fluid mechanics projects.

To start toward this goal, in this chapter we cover some very basic topics: a case study, what fluid
mechanics encompasses, the standard engineering definition of a fluid, and the basic equations and
methods of analysis. Finally, we discuss some common engineering student pitfalls in areas such as unit
systems and experimental analysis.

Note to Students

This is a student-oriented book: We believe it is quite comprehensive for an introductory text, and a
student can successfully self-teach from it. However, most students will use the text in conjunction with
one or two undergraduate courses. In either case, we recommend a thorough reading of the relevant
chapters. In fact, a good approach is to read a chapter quickly once, then reread more carefully a second
and even a third time, so that concepts develop a context and meaning. While students often find fluid
mechanics quite challenging, we believe this approach, supplemented by your instructor’s lectures that
will hopefully amplify and expand upon the text material (if you are taking a course), will reveal fluid
mechanics to be a fascinating and varied field of study.

Other sources of information on fluid mechanics are readily available. In addition to your professor,
there are many other fluid mechanics texts and journals as well as the Internet (a recent Google search
for “fluid mechanics” yielded 26.4 million links, including many with fluid mechanics calculators and
animations!).

There are some prerequisites for reading this text. We assume you have already studied introductory
thermodynamics, as well as statics, dynamics, and calculus; however, as needed, we will review some of
this material.

It is our strong belief that one learns best by doing. This is true whether the subject under study is
fluid mechanics, thermodynamics, or soccer. The fundamentals in any of these are few, and mastery of
them comes through practice. Thus it is extremely 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. Even though we provide for your convenience a summary of useful equa-
tions at the end of each chapter (except this one), you should avoid the temptation to adopt a so-called
plug-and-chug approach 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 log-
ical steps:

1 State briefly and concisely (in your own words) the information given.
2 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 necessary to solve
the problem.

5 List the simplifying assumptions that you feel are appropriate in the problem.
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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, it is
our experience that this approach to problem solving is ultimately the most efficient; it will also prepare
you to be a successful professional, for which a major prerequisite is to be able to communicate infor-
mation and the results of an analysis clearly and precisely. This format is used in all examples presented
in this text; answers to examples are rounded to three significant figures.

Finally, we strongly urge you to take advantage of the many Excel tools available for this book on
the text website for use in solving problems. Many problems can be solved much more quickly using
these tools; occasional problems can only be solved with the tools or with an equivalent computer
application.

Scope of Fluid Mechanics

As the name implies, fluid mechanics is the study of fluids at rest or in motion. It has traditionally been
applied in such areas as the design of canal, levee, and dam systems; the design of pumps, compressors, and
piping and ducting used in the water and air conditioning systems of homes and businesses, as well as the
piping systems needed in chemical plants; the aerodynamics of automobiles and sub- and supersonic air-
planes; and the development of many different flow measurement devices such as gas pump meters.

While these are still extremely important areas (witness, for example, the current emphasis on
automobile streamlining and the levee failures in New Orleans in 2005), fluid mechanics is truly a
“high-tech” or “hot” discipline, and many exciting areas have developed in the last quarter-century.
Some examples include environmental and energy issues (e.g., containing oil slicks, large-scale wind
turbines, energy generation from ocean waves, the aerodynamics of large buildings, and the fluid
mechanics of the atmosphere and ocean and of phenomena such as tornadoes, hurricanes, and tsunamis);
biomechanics (e.g., artificial hearts and valves and other organs such as the liver; understanding of the
fluid mechanics of blood, synovial fluid in the joints, the respiratory system, the circulatory system, and
the urinary system); sport (design of bicycles and bicycle helmets, skis, and sprinting and swimming
clothing, and the aerodynamics of the golf, tennis, and soccer ball); “‘smart fluids” (e.g., in automobile
suspension systems to optimize motion under all terrain conditions, military uniforms containing a fluid
layer that is “thin” until combat, when it can be “stiffened” to give the soldier strength and protection,
and fluid lenses with humanlike properties for use in cameras and cell phones); and microfluids (e.g., for
extremely precise administration of medications).

These are just a small sampling of the newer areas of fluid mechanics. They illustrate how the dis-
cipline is still highly relevant, and increasingly diverse, even though it may be thousands of years old.

Definition of a Fluid

We already have a common-sense idea of when we are working with a fluid, as opposed 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 keyboard, the springs under the keys compress). Engineers need a more
formal and precise definition of a fluid: A fluid is a substance that deforms continuously under the appli-
cation of a shear (tangential) stress no matter how small the shear stress may be. Because the fluid motion
continues under the application of a shear stress, we can also define a fluid as any substance that cannot
sustain a shear stress when at rest.

Hence liquids and gases (or vapors) are the forms, or phases, that fluids can take. We wish to dis-
tinguish these phases from the solid phase of matter. We can see the difference between solid and fluid
behavior in Fig. 1.1. If we place a specimen of either substance between two plates (Fig. 1.1a) and then
apply a shearing force F, each will initially deform (Fig. 1.1b); however, whereas a solid will then be
at rest (assuming the force is not large enough to go beyond its elastic limit), a fluid will continue to

3
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Fig. 1.1 Difference in behavior of a solid and a fluid due to a shear force.

deform (Fig. 1.1c, Fig. 1.1d, etc) as long as the force is applied. Note that a fluid in contact with a solid
surface does not slip—it has the same velocity as that surface because of the no-slip condition, an exper-
imental fact.

The amount of deformation of the solid depends on the solid’s modulus of rigidity G; in Chapter 2
we will learn that the rate of deformation of the fluid depends on the fluid’s viscosity u. We refer to solids
as being elastic and fluids as being viscous. More informally, we say that solids exhibit “springiness.”
For example, when you drive over a pothole, the car bounces up and down due to the car suspension’s
metal coil springs compressing and expanding. On the other hand, fluids exhibit friction effects so that
the suspension’s shock absorbers (containing a fluid that is forced through a small opening as the car
bounces) dissipate energy due to the fluid friction, which stops the bouncing after a few oscillations. If
your shocks are “shot,” the fluid they contained has leaked out so that there is almost no friction as the car
bounces, and it bounces several times rather than quickly coming to rest. The idea that substances can be
categorized as being either a solid or a liquid holds for most substances, but a number of substances
exhibit both springiness and friction; they are viscoelastic. Many biological tissues are viscoelastic.
For example, the synovial fluid in human knee joints lubricates those joints but also absorbs some of
the shock occurring during walking or running. Note that the system of springs and shock absorbers
comprising the car suspension is also viscoelastic, although the individual components are not. We will
have more to say on this topic in Chapter 2.

1.2 Basic Equations

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

I The conservation of mass

2 Newton’s second law of motion

3 The principle of angular momentum
4 The first law of thermodynamics

5 The second law of thermodynamics

Not all basic laws are always required to solve any one problem. On the other hand, in many problems it
is necessary to bring into the analysis additional relations that describe the behavior of physical proper-
ties of fluids under given conditions.

For example, you probably recall studying properties of gases in basic physics or thermodynamics.
The ideal gas equation of state

p=pRT (1.1)

is a model that relates density to pressure and temperature for many gases under normal conditions. In
Eq. 1.1, R is the gas constant. Values of R are given in Appendix A for several common gases; p and T
in Eq. 1.1 are the absolute pressure and absolute temperature, respectively; p is density (mass per unit
volume). Example 1.1 illustrates use of the ideal gas equation of state.

It is obvious that the basic laws with which we shall deal are the same as those used in mechanics and
thermodynamics. Our task will be to formulate these laws in suitable forms to solve fluid flow problems
and to apply them to a wide variety of situations.
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Example 1.1 FIRST LAW APPLICATION TO CLOSED SYSTEM

A piston-cylinder device contains 0.95 kg of oxygen initially at a temperature of 27°C and a pressure due to the weight of
150 kPa (abs). Heat is added to the gas until it reaches a temperature of 627°C. Determine the amount of heat added during
the process.

Given: Piston-cylinder containing O,, m = 0.95 kg. w
T1=27°C T,=627°C n / > /

Find: 010

Solution: p=constant= 150 kPa (abs)
We are dealing with a system, m =0.95 kg. . |

Governing equation: First law for the system, Q1 — Wi, = E; —E)
Assumptions: 1 E=U, since the system is stationary.

2 Ideal gas with constant specific heats.
Under the above assumptions,

E,—E =Uy,—U, =m(uy—u) =mc,(T, —T))
The work done during the process is moving boundary work
¥
Wiy = / pad¥ =p(¥2—¥)
gl

For an ideal gas, p¥ =mRT. Hence Wi, =mR(T, —T}). Then from the first law equation,

Oun=E,—E; + W, :mcv(Tg —Tl) +mR(T2—T1)
Qu=m(T,—=Ti)(c, +R)
Qi=mc,(T,—T\) {R=c,—c,}

From the Appendix, Table A.6, for O, ¢, =909.4J/(kg - K). Solving for Oy,

S obtan This problem:
- Was solved using the nine logical steps
J O discussed earlier.
012=0.95kgx 909kg_'K X600 K =518 kJ - Reviewed use of the ideal gas equation

and the first law of thermodynamics for a
system.

We must emphasize that there are, as we shall see, many apparently simple problems in fluid
mechanics that cannot be solved analytically. In such cases we must resort to more complicated numer-
ical solutions and/or results of experimental tests.

1.3 Methods of Analysis

The first step in solving a problem is to define the system that you are attempting to analyze. In basic
mechanics, we made extensive use of the free-body diagram. We will use a system or a control volume,
depending on the problem being studied. These concepts are identical to the ones you used in thermo-
dynamics (except you may have called them closed system and open system, respectively). We can use
either one to get mathematical expressions for each of the basic laws. In thermodynamics they were
mostly used to obtain expressions for conservation of mass and the first and second laws of thermody-
namics; in our study of fluid mechanics, we will be most interested in conservation of mass and
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System
boundary

Fig. 1.2 Piston-cylinder assembly.

Newton’s second law of motion. In thermodynamics our focus was energy; in fluid mechanics it will
mainly be forces and motion. We must always be aware of whether we are using a system or a control
volume approach because each leads to different mathematical expressions of these laws. At this point
we review the definitions of systems and control volumes.

System and Control Volume

A system is defined as a fixed, identifiable quantity of mass; the system boundaries separate the system
from the surroundings. The boundaries of the system may be fixed or movable; however, no mass
crosses the system boundaries.

In the familiar piston-cylinder assembly from thermodynamics, Fig. 1.2, the gas in the cylinder is
the system. If the gas is heated, the piston will lift the weight; the boundary of the system thus moves.
Heat and work may cross the boundaries of the system, but the quantity of matter within the system
boundaries remains fixed. No mass crosses the system boundaries.

In mechanics courses you used the free-body diagram (system approach) extensively. This was log-
ical because you were dealing with an easily identifiable rigid body. However, in fluid mechanics we
normally are concerned with the flow of fluids through devices such as compressors, turbines, pipelines,
nozzles, and so on. In these cases it is difficult to focus attention on a fixed identifiable quantity of mass.
It is much more convenient, for analysis, to focus attention on a volume in space through which the fluid
flows. Consequently, we use the control volume approach.

A control volume is an arbitrary volume in space through which fluid flows. The geometric boundary
of the control volume is called the control surface. The control surface may be real or imaginary; it may be
at rest or in motion. Figure 1.3 shows flow through a pipe junction, with a control surface drawn on it.
Note that some regions of the surface correspond to physical boundaries (the walls of the pipe) and others
(at locations (D), @), and(Q)) are parts of the surface that are imaginary (inlets or outlets). For the control
volume defined by this surface, we could write equations for the basic laws and obtain results such as the
flow rate at outlet 3) given the flow rates at inlet () and outlet Q) (similar to a problem we will analyze in
Example 4.1 in Chapter 4), the force required to hold the junction i