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Pref)we

Introduction

This text was written for an introductory course in fluid mechanics. Our approach to
the subject, as in all previous editions, 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 solving.
Thus we always start from governing equations, state assumptions clearly, and try to
relate mathematical results to corresponding physical behavior. We continue
to emphasize the use of control volumes to maintain a practical problem-solving
approach that is also theoretically inclusive.

Proven Problem -So/why Mef/w/o/oy)/

The Fox-McDonald-Pritchard 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 the “Note to Student” in Section 1.1 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.

Sl and Enj/tk/z Units

SI 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 sys-
tems that may be derived from fundamentals.
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Preface

Goals and Aﬂ/mm‘aﬂas af (/5[145 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 prob-
lems, or explain difficult points of assigned homework problems. In addition, the 51
Example Excel workbooks are useful for presenting 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 previously. We particularly emphasize physical concepts throughout to
help students model the variety of phenomena that occur in real fluid flow situations.
Although we collect, for convenience, useful equations at the end of most chapters, 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 confidence 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. Answer to Selected Problems
are included, so students may check their own work.

To,m’m/ Covemye

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 back-
ground in thermodynamics is desirable for studying compressible flow.

More advanced material, not typically covered in a first course, has been moved to
the Web site (these sections are identified in the Table of Contents as being on the
Web site). Advanced material is available to interested users of the book; available
online, 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)

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- and two-dimensional compressible flows
(Chapters 12 and 13)

Chapter 4 deals with analysis using both finite and differential control volumes. The
Bernoulli equation is derived (in an optional subsection of Section 4.4) as an example
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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.

Text Features

This edition incorporates a number of useful features:

Examples: Fifty-one of the Examples include Excel workbooks, available online at
the text Web site, making them useful for what-if analyses by students or by the
instructor during class.

Case Studies: Every chapter begins with a Case Studies in Energy and the Envi-
ronment, each describing an interesting application of fluid mechanics in the area of
renewable energy or of improving machine efficiencies. We have also retained from
the previous edition chapter-specific Case Studies, which are now located at the end
of chapters. These explore unusual or intriguing applications of fluid mechanics in a
number of areas.

Chapter Summary and Useful Equations: At the end of most chapters 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 ensure an understanding of the derivation and limitations of each
equation before its use!

Design Problems: Where appropriate, we have provided open-ended design prob-
lems in place of traditional laboratory experiments. For those who do not have
complete laboratory facilities, students could be assigned to work in teams to solve
these problems. Design problems encourage students to spend more time exploring
applications 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

Open-Ended Problems: We have included many open-ended problems. Some are
thought-provoking questions intended to test understanding of fundamental con-
cepts, and some require creative thought, synthesis, and/or narrative discussion. We
hope these problems will help instructors 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.

End-of-Chapter Problems: 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. For convenience, problems are now grouped
according to the chapter section headings.

New to This Edition

This edition incorporates a number of significant changes:

Case Studies in Energy and the Environment: At the beginning of each chapter is a
new case study. With these case studies we hope to provide a survey of the most
interesting and novel applications of fluid mechanics with the goal of generating

Preface xiii


http://www.semeng.ir

www. 20fi |l e. or

Xiv Preface

@ CLASSIC VIDEO
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Classics!

J VIDEO

New Videos!

increasing amounts of the world’s energy needs from renewable sources. The case
studies are not chapter specific; that is, each one is not necessarily based on
the material of the chapter in which it is presented. Instead, we hope these new case
studies will serve as a stimulating narrative on the field of renewable energy for
the reader and that they will provide material for classroom discussion. The case studies
from the previous edition have been retained and relocated to the ends of chapters.

Demonstration Videos: The “classic” NCFMF videos (approximately 20 minutes
each, with Professor Ascher Shapiro of MIT, a pioneer in the field of biomedical
engineering and a leader in fluid mechanics research and education, explaining and
demonstrating fluid mechanics concepts) referenced in the previous edition have all
been retained and supplemented with additional new brief videos (approximately
30 seconds to 2 minutes each) from a variety of sources.

Both the classic and new videos are intended to provide visual aids for many of
the concepts covered in the text, and are available at www.wiley.com/college/
pritchard.

CFD: The section on basic concepts of computational fluid dynamics in Chapter 5

now includes material on using the spreadsheet for numerical analysis of simple
one- and two-dimensional flows; it includes an introduction to the Euler method.

o Fluid Machinery: Chapter 10 has been restructured, presenting material for pumps

and fans first, followed by a section on hydraulic turbines. Propellers and wind
turbines are now presented together. The section on wind turbines now includes the
analysis of vertical axis wind turbines (VAWTs) in additional depth. A section on
compressible flow machines has also been added to familiarize students with the
differences in evaluating performance of compressible versus incompressible flow
machines. The data in Appendix D on pumps and fans has been updated to reflect
new products and new means of presenting data.

Open-Channel Flow: In this edition we have completely rewritten the material on
open-channel flows. An innovation of this new material compared to similar texts is
that we have treated “local” effects, including the hydraulic jump before con-
sidering uniform and gradually varying flows. This material provides a sufficient
background on the topic for mechanical engineers and serves as an introduction for
civil engineers.

Compressible Flow: The material in Chapter 13 has been restructured so that
normal shocks are discussed before Fanno and Rayleigh flows. This was done
because many college fluid mechanics curriculums cover normal shocks but not
Fanno or Rayleigh flows.

e New Homework Problems: The eighth edition includes 1705 end-of-chapter prob-

lems. Many problems have 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 subparts have been designed to explore what-if questions. New or modified for
this edition are some 518 problems, some created by a panel of instructors and
subject matter experts. End-of-chapter homework problems are now grouped
according to text sections.

Resources fér Instructors

The following resources are available to instructors who adopt this text. Visit the Web
site at www.wiley.com/college/pritchard to register for a password.

e Solutions Manual for Instructors: The solutions manual for this edition contains a

complete, detailed solution for all homework problems. Each solution is prepared in
the same systematic way as the Example solutions in the printed text. Each solution
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begins from governing equations, clearly states assumptions, reduces governing
equations to computing equations, obtains an algebraic result, and finally substitutes
numerical values 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.

The Solutions Manual is available online after the text is adopted. Visit the
instructor section of the text’s Web site at www.wiley.com/college/pritchard to
request access to the password-protected online Solutions Manual.

Problem Key: A list of all problems that are renumbered from the seventh edition of
this title, to the eighth edition. There is no change to the actual solution to each
of these problems.

PowerPoint Lecture Slides: Lecture slides have been developed by Philip Pritchard,
outlining the concepts in the book, and including appropriate illustrations and
equations.

Image Gallery: Tllustrations from the text in a format appropriate to include in
lecture presentations.

Additional Resources

A Brief Review of Microsoft Excel: Prepared by Philip Pritchard and included on
the book Web site as Appendix H, this resource will coach students in setting up
and solving fluid mechanics problems using Excel spreadsheets. Visit www.wiley.
com/college/pritchard to access it.

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

Additional Text Topics: PDF files for these topics/sections are available only on the
Web site. These topics are highlighted in the text’s table of contents and in
the chapters as being available on the Web site.

Answers to Selected Problems: Answers to odd-numbered problems are listed at the
end of the book as a useful aid for student self-study.

Videos: Many worthwhile videos are available on the book Web site to demonstrate
and clarify the basic principles of fluid mechanics. When it is appropriate to view
these videos to aid in understanding concepts or phenomena, an icon appears in the
margin of the printed text; the Web site provides links to both classic and new
videos, and these are also listed in Appendix C.

W[/@/PL US

WileyPLUS is an innovative, research-based, online environment for effective
teaching and learning.

A

What do students recetve with W[/@/PL US?

Research-Based Design

WileyPLUS provides an online environment that integrates relevant resources, including
the entire digital textbook, in an easy-to-navigate framework that helps students study
more effectively.

Preface xv


www.wiley.com/college/pritchard
www.wiley.com/college/pritchard
www.wiley.com/college/pritchard
http://www.semeng.ir

www. 20fi |l e. or

Xxvi

Preface

e WileyPLUS adds structure by organizing textbook content into smaller, more
manageable “chunks.”

e Related media, examples, and sample practice items reinforce the learning
objectives.

e Innovative features such as calendars, visual progress tracking and self-evaluation
tools improve time management and strengthen areas of weakness.

One-on-One Engagement

With WileyPLUS for Introduction to Fluid Mechanics, eighth edition, students receive
24/7 access to resources that promote positive learning outcomes. Students engage with
related examples (in various media) and sample practice items, including:

e Guided Online (GO) Tutorial problems
e Concept Questions

e Demonstration videos

Measurable Outcomes
Throughout each study session, students can assess their progress and gain immediate
feedback. Wiley PLUS provides precise reporting of strengths and weaknesses, as well as

individualized quizzes, so that students are confident they are spending their time on the
right things. With WileyPLUS, students always know the exact outcome of their efforts.

What do instructors receive with Wc’/@/PL US?

WileyPLUS provides reliable, customizable resources that reinforce course goals
inside and outside of the classroom as well as visibility into individual student prog-
ress. Pre-created materials and activities help instructors optimize their time:

Customizable Course Plan
WileyPLUS comes with a pre-created Course Plan designed by a subject matter

expert uniquely for this course. Simple drag-and-drop tools make it easy to assign the
course plan as-is or modify it to reflect your course syllabus.

Pre-created Activity Types Include

e Questions
e Readings and Resources

Course Materials and Assessment Content

Lecture Notes PowerPoint Slides

Image Gallery

Gradable FE Exam sample Questions

Question Assignments: Selected end-of-chapter problems coded algorithmically
with hints, links to text, whiteboard/show work feature and instructor controlled
problem solving help.
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e Concept Question Assignments: Questions developed by Jay Martin and John
Mitchell of the University of Wisconsin-Madison to assess students’ conceptual
understanding of fluid mechanics.

Gradebook

WileyPL US provides instant access to reports on trends in class performance, student
use of course materials, and progress towards learning objectives, helping inform
decisions and drive classroom discussions.

WileyPLUS. Learn More. www.wileyplus.com.

Powered by proven technology and built on a foundation of cognitive research,
WileyPL US has enriched the education of millions of students, in over 20 countries
around the world.
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Table G.7
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 = 1077 centi” c
0.001 = 107> milli m
0.000 001 = 10~° micro 1t
0.000 000 001 = 107 nano n
0.000 000 000 001 = 10 "2 pico p

“Source: ASTM Standard for Metric Practice E 380-97, 1997.

®To be avoided where possible.
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Table G.2
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: g =9.8066 m/s* (= 32.174 ft/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, T = %TC + 32 (where T¢ is degrees Celsius)
degree Rankine, Tg = Tg + 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: 1 ft=0.3048 m Power: 1hp=7457 W
1 in. =254 mm 1 ft-1bf/s = 1.356 W
Mass: 1 Ibm = 0.4536 kg 1 Btu/hr =0.2931 W
1 slug = 14.59 kg Area 1 ft>=0.0929 m?
Force: 1 1bf =4.448 N 1 acre = 4047 m?
1 kgf =9.807 N Volume: 1t =0.02832 m®
Velocity: 1 ft/s = 0.3048 m/s 1 gal (US) =0.003785 m*

1 ft/s = 15/22 mph
1 mph = 0.447 m/s

1 gal (US)=3.785 L

Volume flow rate: 1 ft3/s = 0.02832 m*/s

Pressure: 1 psi = 6.895 kPa 1 gpm =6.309 X 10~ > m%/s
1 Ibf/ft> = 47.88 Pa Viscosity (dynamic) 1 Ibf - s/ft> = 47.88 N - s/m?
1 atm = 101.3 kPa 1 g/(cm-s) =0.1 N -s/m?
1 atm = 14.7 psi 1 Poise = 0.1 N -s/m?
1 in. Hg = 3.386 kPa Viscosity (kinematic) 1 ft*/s = 0.0929 m?/s
1 mm Hg =133.3 Pa 1 Stoke = 0.0001 m*/s
Energy: 1 Btu=1.055 kJ

1ft-Ibf =1.356J
1cal=4.1871]
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Wind Power

At the beginning of each chapter we present
a case study in the role of fluid mechanics in
helping solve the energy crisis and in alleviating the
environmental impact of our energy needs: the cases
provide insight into the ongoing importance of the field
of fluid mechanics. We have tried to present novel and
original developments, not the kind of applications
such as the ubiquitous wind farms. Please note that
case studies represent a narrative; so each chapter’s
case study is not necessarily representative of the
material in that chapter. Perhaps as a creative new
engineer, you’ll be able to create even better ways to

Case Study in Energy and the Environment

extract renewable, nonpolluting forms of energy or
invent something to make fluid-mechanics devices more
efficient!

According to the July 16, 2009, edition of the New York
Times, the global wind energy potential is much higher
than previously estimated by both wind industry groups
and government agencies. (Wind turbines are discussed
in Chapter 10.) Using data from thousands of meteo-
rological 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
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KiteGen’ s kites would fly at an altitude of about 1000 m and spin a
power carousel on the ground. (Picture courtesy of Ben Shepard and
Archer & Caldeira.)

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 frozen nor forested and also on shallow offshore
locations, and it includes 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 X 10** watts). Bearing in mind that the total power
consumption 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 foreseeable 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
8o-m turbines. In addition, to reach even higher ele-
vations (and hence wind speed), two approaches have
been proposed. In a recent paper, Professor Archer at

Sky Windpower's flying electric generators would fly at altitudes of
about 10,000 m. (Picture courtesy of Ben Shepard and Archer &
Caldeira.)

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 con-
nected to a ground-based, carousel-shaped generator;
the kites are maneuvered so that they drive the car-
ousel, generating power, possibly as much as 100 MW.
This approach would be best for the lowest few kilo-
meters of the atmosphere. An approach using further
increases in elevation is to generate electricity aloft
and then transmit it to the surface with a tether. In the
design proposed by Sky Windpower, four rotors are
mounted on an airframe; the rotors both provide lift
for the device and power electricity generation. The
aircraft would lift themselves into place with supplied
electricity to reach the desired altitude but would then
generate up to 40 MW of power. Multiple arrays could
be used for large-scale electricity generation. (Airfoils
are discussed in Chapter 9.)

We shall examine some interesting developments in
wind power in the Case Studies in Energy and the
Environment in subsequent chapters.

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 developed 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.
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Note to Students 1.7

This is a student-oriented book: We believe it is quite comprehensive for an intro-
ductory 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 instruc-
tor’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 solu-
tion of problems. Even though we provide for your convenience a summary of useful
equations at the end of each chapter (except this one), you should avoid the temp-
tation 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 logical 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.
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 information and the
results of an analysis clearly and precisely. This format is used in all Examples pre-
sented 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 Web site, for use in solving problems. Many problems can be
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solved much more quickly using these tools; occasional problems can only be solved
with the tools or with an equivalent computer application.

1.2 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 airplanes;
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 gene-
ration 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 administra-
tion of medications).

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

7.3 Deﬁniﬁon of a Flud

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 key-

@ CLASSIC VIDEO board, 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
D o Casiimsms R application 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 distinguish 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 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 experimental fact.
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Time
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/ , P 1 Fig. 1.1 Difference in behav-
ior of a solid and a fluid due to

(a) Solid or fluid (b) Solid or fluid (c) Fluid only (d) Fluid only a shear force.

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 p. 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 (@ CLASSIC VIDEO
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  mudamentats—Boundary Layers.
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 bio-
logical 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.

Basic Equations .4

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:

. The conservation of mass
. Newton’s second law of motion

1
2
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 properties 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 7 in Eq. 1.1 are the absolute pressure and absolute tem-
perature, respectively; p is density (mass per unit volume). Example 1.1 illustrates use of
the ideal gas equation of state.
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I Eample ” WAPPLICATION 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

T, = 27°C T, = 627°C M ’ } / M
Find: O_o. — -
Solution: p = constant = 150 kPa (abs) i :
We are dealing with a system, m = 0.95 kg. 07 o J|
Governing equation: First law for the system, Q, — Wi, = E; — E;

Assumptions: (1) E = U, since the system is stationary.
(2) Ideal gas with constant specific heats.

Under the above assumptions,
Ey—Ey = U = Uy = m(up —uy) = mey(Tr — Th)
The work done during the process is moving boundary work
N7
Wi = /V pd¥ = p(¥> = ¥)
1

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

On = E;— E + Wy = me,(T, — Th) + mR(T, — Ty)
Q1 = m(T, — T1)(c, + R)
Qun =me,(T,—Ti) {R=¢ —¢}

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

Q1 = 0.95kg X909 X 600K = 518kJ

J
kg - K

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.

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 numerical solutions and/or results of experimental tests.

1.5 Methods of Anaémﬁs

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
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use a system or a control volume, depending on the problem being studied. These
concepts are identical to the ones you used in thermodynamics (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 thermodynamics; in our study of fluid mechanics, we will be
most interested in conservation of mass and 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) exten-
sively. This was logical 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 ) 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 Q) given the flow rates at inlet (D

Control surface

Control volume —
NG

Fig. 1.3 Fluid flow through a pipe junction.

7.5 Methods of Analysis 7

System
boundary

Fig. 1.2  Piston-cylinder
assembly.
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ample / ERVATION APPLIED TO CONTROL VOLUME

A reducing water pipe section has an inlet diameter of 50 mm and exit diameter of 30 mm. If the steady inlet speed
(averaged across the inlet area) is 2.5 m/s, find the exit speed.

Inlet | T Exit
Given: Pipe, inlet D; =50 mm, exit D, =30 mm. — :Dj:_,
Inlet speed, V;=2.5 m/s. ' |

Find: Exit speed, V.. Control volume

Solution:
Assumption: Water is incompressible (density p = constant).

The physical law we use here is the conservation of mass, which you learned in thermodynamics when studying
turbines, boilers, and so on. You may have seen mass flow at an inlet or outlet expressed as either i1 = VA/v or
m = pVA where V, A, v, and p are the speed, area, specific volume, and density, respectively. We will use the density
form of the equation.

Hence the mass flow is:

m = pVA
Applying mass conservation, from our study of thermodynamics,
pViAi = pV.A,

(Note: p; = p. = p by our first assumption.)
(Note: Even though we are already familiar with this equation from
thermodynamics, we will derive it in Chapter 4.)

Solving for V.,

and outlet @ (similar to a problem we will analyze in Example 4.1 in Chapter 4), the
force required to hold the junction in place, and so on. It is always important to take
care in selecting a control volume, as the choice has a big effect on the mathematical
form of the basic laws. We will illustrate the use of a control volume with an example.

Differential versus Integral Approach

The basic laws that we apply in our study of fluid mechanics can be formulated in
terms of infinitesimal or finite systems and control volumes. As you might suspect,
the equations will look different in the two cases. Both approaches are important
in the study of fluid mechanics and both will be developed in the course of our work.

In the first case the resulting equations are differential equations. Solution of the
differential equations of motion provides a means of determining the detailed
behavior of the flow. An example might be the pressure distribution on a wing surface.
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Frequently the information sought does not require a detailed knowledge of the
flow. We often are interested in the gross behavior of a device; in such cases it is
more appropriate to use integral formulations of the basic laws. An example might be
the overall lift a wing produces. Integral formulations, using finite systems or control
volumes, usually are easier to treat analytically. The basic laws of mechanics and
thermodynamics, formulated in terms of finite systems, are the basis for deriving the
control volume equations in Chapter 4.

Methods of Description

Mechanics deals almost exclusively with systems; you have made extensive use of the
basic equations applied to a fixed, identifiable quantity of mass. On the other hand,
attempting to analyze thermodynamic devices, you often found it necessary to use a
control volume (open system) analysis. Clearly, the type of analysis depends on the
problem.

Where it is easy to keep track of identifiable elements of mass (e.g., in particle
mechanics), we use a method of description that follows the particle. This sometimes
is referred to as the Lagrangian method of description.

Consider, for example, the application of Newton’s second law to a particle of fixed
mass. Mathematically, we can write Newton’s second law for a system of mass m as

, av &7
2F:m5:m_v -4

T m o (1.2)

In Eq. 1.2, SF is the sum of all external forces acting on the system, a is the accel-
eration of the center of mass of the system, V is the velocity of the center of mass of
the system, and 7 is the position vector of the center of mass of the system relative to a
fixed coordinate system.

Eample 73  FREE-FALL OF BALL IN AIR

The air resistance (drag force) on a 200 g ball in free flight is given by F, =2 X 10~* V2, where F, is in newtons and
V is in meters per second. If the ball is dropped from rest 500 m above the ground, determine the speed at which it
hits the ground. What percentage of the terminal speed is the result? (The terminal speed is the steady speed a falling
body eventually attains.)

mg
Given: Ball, m = 0.2 kg, released from rest at yo =500 m. Vo @
Alr resistance, Fp = kV?, where k=2 X 10™* N-s*/m>.
Units: Fp(N), V(m/s). FT
y D
Find: (a) Speed at which the ball hits the ground. t
(b) Ratio of speed to terminal speed. *

Solution:
Governing equation: >F = mad
Assumption: Neglect buoyancy force.
The motion of the ball is governed by the equation
dv

ZFy:mayZmE
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. . dV dy av
Since V' =V(y), we write XF, = md_y i de—y Then,
YF, = Fp—mg = kV? —mg = mVZ—V
Y
Separating variables and integrating,
/y dy - /V mvdv
Yo o kVZ—mg
v 2
—yo = | Zin(kv? - N
Y —Yo [2kln(kV mg)] % In ——
0

Taking antilogarithms, we obtain
kV2 — mg = — mg e[(Zk/m)(y_)U)]

Solving for V gives

V= {% (1- e[<2k/m)<y—yo>1)}1/2

Substituting numerical values with y =0 yields

2 2
V =1{02kgx9.81 5 X ——= x N8 (1 — e x2x107/02(-s00))
s 2x107'N-s2  kg'm

V =787m/s v

At terminal speed, a, =0 and $F, = 0 = kV? —mg.

1/2
mg11/2 m m? N.¢?
= | — = . X081 = X
Then, V, [k] lOZkg 981 & X 570N 2 N kg m
= 99.0 m/s

The ratio of actual speed to terminal speed is

\%4 78.7
V" %00 - 0.795, or 79.5%

We could use this Lagrangian approach to analyze a fluid flow by assuming the fluid
to be composed of a very large number of particles whose motion must be described.
However, keeping track of the motion of each fluid particle would become a horren-
dous bookkeeping problem. Consequently, a particle description becomes unmanage-
able. Often we find it convenient to use a different type of description. Particularly with
control volume analyses, it is convenient to use the field, or Eulerian, method of
description, which focuses attention on the properties of a flow at a given point in space
as a function of time. In the Eulerian method of description, the properties of a flow
field are described as functions of space coordinates and time. We shall see in Chapter 2
that this method of description is a logical outgrowth of the assumption that fluids may
be treated as continuous media.
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Dimensions and Units 1.6

Engineering problems are solved to answer specific questions. It goes without saying
that the answer must include units. In 1999, NASA’s Mars Climate Observer crashed
because the JPL engineers assumed that a measurement was in meters, but the sup-
plying company’s engineers had actually made the measurement in feet! Conse-
quently, it is appropriate to present a brief review of dimensions and units. We say
“review” because the topic is familiar from your earlier work in mechanics.

We refer to physical quantities such as length, time, mass, and temperature as
dimensions. In terms of a particular system of dimensions, all measurable quantities
are subdivided into two groups—primary quantities and secondary quantities. We
refer to a small group of dimensions from which all others can be formed as primary
quantities, for which we set up arbitrary scales of measure. Secondary quantities are
those quantities whose dimensions are expressible in terms of the dimensions of the
primary quantities.

Units are the arbitrary names (and magnitudes) assigned to the primary dimensions
adopted as standards for measurement. For example, the primary dimension of length
may be measured in units of meters, feet, yards, or miles. These units of length are
related to each other through unit conversion factors (1 mile = 5280 feet = 1609 meters).

Systems of Dimensions

Any valid equation that relates physical quantities must be dimensionally homo-
geneous; each term in the equation must have the same dimensions. We recognize
that Newton’s second law (ﬁ o ma) relates the four dimensions, F, M, L, and ¢. Thus
force and mass cannot both be selected as primary dimensions without introducing a
constant of proportionality that has dimensions (and units).

Length and time are primary dimensions in all dimensional systems in common use.
In some systems, mass is taken as a primary dimension. In others, force is selected as a
primary dimension; a third system chooses both force and mass as primary dimen-
sions. Thus we have three basic systems of dimensions, corresponding to the different
ways of specifying the primary dimensions.

a. Mass [M], length [L], time [¢], temperature [T
b. Force [F], length [L], time [¢], temperature [T
c. Force [F], mass [M], length [L], time [¢], temperature [7]

In system a, force [F] is a secondary dimension and the constant of proportionality in
Newton’s second law is dimensionless. In system b, mass [M] is a secondary dimension,
and again the constant of proportionality in Newton’s second law is dimensionless. In
system c, both force [F] and mass [M] have been selected as primary dimensions. In this
case the constant of proportionality, g. (not to be confused with g, the acceleration of
gravity!) in Newton’s second law (written F =md/g.) is not dimensionless. The
dimensions of g, must in fact be [ML/Ff] for the equation to be dimensionally
homogeneous. The numerical value of the constant of proportionality depends on the
units of measure chosen for each of the primary quantities.

Systems of Units

There is more than one way to select the unit of measure for each primary dimension.
We shall present only the more common engineering systems of units for each of the
basic systems of dimensions. Table 1.1 shows the basic units assigned to the primary
dimensions for these systems. The units in parentheses are those assigned to that unit
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Table 1.1
Common Unit Systems
System of Dimensions Unit System Force F Mass M  Length L Timet Temperature T
a. MLtT Systeme International d’Unités (SI) (N) kg m S K
b. FLtT British Gravitational (BG) Ibf (slug) ft S °R
c. FMLtT English Engineering (EE) Ibf Ibm ft s °R

@ CLASSIC VIDEO

==
Fluid Quantity and Flow.

system’s secondary dimension. Following the table is a brief description of each of
them.

a. MLtT

SI, which is the official abbreviation in all languages for the Systeme International
d’Unités," is an extension and refinement of the traditional metric system. More than
30 countries have declared it to be the only legally accepted system.

In the SI system of units, the unit of mass is the kilogram (kg), the unit of length is
the meter (m), the unit of time is the second (s), and the unit of temperature is the
kelvin (K). Force is a secondary dimension, and its unit, the newton (N), is defined
from Newton’s second law as

IN = 1kg - m/s?

In the Absolute Metric system of units, the unit of mass is the gram, the unit of
length is the centimeter, the unit of time is the second, and the unit of temperature is
the kelvin. Since force is a secondary dimension, the unit of force, the dyne, is defined
in terms of Newton’s second law as

1dyne = 1g - cm/s?

b. FLtT

In the British Gravitational system of units, the unit of force is the pound (Ibf), the
unit of length is the foot (ft), the unit of time is the second, and the unit of tem-
perature is the degree Rankine (°R). Since mass is a secondary dimension, the unit of
mass, the slug, is defined in terms of Newton’s second law as

1slug = 11bf - s? /ft

c. FMLtT

In the English Engineering system of units, the unit of force is the pound force (1bf),
the unit of mass is the pound mass (Ibm), the unit of length is the foot, the unit of time
is the second, and the unit of temperature is the degree Rankine. Since both force and
mass are chosen as primary dimensions, Newton’s second law is written as

ma
&

F_':

! American Society for Testing and Materials, ASTM Standard for Metric Practice, E380-97. Conshohocken,
PA: ASTM, 1997.
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A force of one pound (1 Ibf) is the force that gives a pound mass (1 1bm) an accel-
eration equal to the standard acceleration of gravity on Earth, 32.2 ft/s>. From
Newton’s second law we see that

11bm X 32.2 ft/s?
&

11bf =

or

g = 32.2ft-1bm/(Ibf - s?)

The constant of proportionality, g., has both dimensions and units. The dimensions
arose because we selected both force and mass as primary dimensions; the units (and
the numerical value) are a consequence of our choices for the standards of
measurement.

Since a force of 1 Ibf accelerates 1 Ibm at 32.2 ft/s, it would accelerate 32.2 1bm at
1 ft/s>. A slug also is accelerated at 1 ft/s* by a force of 1 Ibf. Therefore,

1slug = 32.21bm

Many textbooks and references use Ib instead of Ibf or Ibm, leaving it up to the reader
to determine from the context whether a force or mass is being referred to.

Preferred Systems of Units

In this text we shall use both the SI and the British Gravitational systems of units. In
either case, the constant of proportionality in Newton’s second law is dimensionless
and has a value of unity. Consequently, Newton’s second law is written as F=md.In
these systems, it follows that the gravitational force (the “weight”?) on an object of
mass m is given by W =mg.

SI units and prefixes, together with other defined units and useful conversion
factors, are summarized in Appendix G.

Eample 7.4 USE-OF-UNITS

The label on a jar of peanut butter states its net weight is 510 g. Express its mass and weight in SI, BG, and EE units.

Given: Peanut butter “weight,” m =510 g.
Find: Mass and weight in SI, BG, and EE units.

Solution: This problem involves unit conversions and use of the equation relating weight and mass:

W = mg
The given “weight” is actually the mass because it is expressed in units of mass:
mg = 0.510 kg st
Using the conversions of Table G.2 (Appendix G),
11bm 11bm m
= —— ) =0510kg (———— | = 1.121 EE
B = (0.454 kg) 0-510ke (0.454 kg) bm

>Note that in the English Engineering system, the weight of an object is given by W = mg/g..
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Using the fact that 1 slug = 32.2 1bm,

1 slu 1 slu
MBG = MEE (3221bgm) = 11216m (32 21bgm)

To find the weight, we use

In SI units, and using the definition of a newton,

m kg -m N
=) X938l =5.
Wsr = 0.510kg X 9.81 2 5.00 ( 2 ) (kg : m/s2)

= 5.00N

In BG units, and using the definition of a slug,

Wge = 0.0349

= 0.0349 slug MBG

W = mg

Wsi

ft slug - ft

. 2,
_ 1.12(slu;g ft) (s lbf/ft) 11216t Wsg

In EE units, we use the form W = mg/g., and using the definition of g,

£
Weg = 1.121bm X 32.2 S_E x L - 36d

2 slug

1 361 lbm-ft

& & ¢
B Ibm - ft Ibf - s B Weg
= 36.1< = )(32.2ft-lbm> = 1.121bf

Dimensional Consistency and “Engineering” Equations

In engineering, we strive to make equations and formulas have consistent dimensions.
That is, each term in an equation, and obviously both sides of the equation, should be
reducible to the same dimensions. For example, a very important equation we will
derive later on is the Bernoulli equation

n _n

+ —V22 + gz
2
p

1

2
which relates the pressure p, velocity V, and elevation z between points 1 and 2 along
a streamline for a steady, frictionless incompressible flow (density p). This equation is
dimensionally consistent because each term in the equation can be reduced to
dimensions of L?/#* (the pressure term dimensions are FL/M, but from Newton’s law
we find F= M/L?, so FLIM = ML*M¢* = L?/f%).

Almost all equations you are likely to encounter will be dimensionally consistent.
However, you should be alert to some still commonly used equations that are not; these
are often “engineering” equations derived many years ago, or are empirical (based on
experiment rather than theory), or are proprietary equations used in a particular industry
or company. For example, civil engineers often use the semi-empirical Manning equation

2/3~1/2
RSl
n

V:
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which gives the flow speed V in an open channel (such as a canal) as a function of the
hydraulic radius R;, (which is a measure of the flow cross-section and contact surface
area), the channel slope Sy, and a constant n (the Manning resistance coefficient). The
value of this constant depends on the surface condition of the channel. For example,
for a canal made from unfinished concrete, most references give n ~ 0.014. Unfor-
tunately, the equation is dimensionally inconsistent! For the right side of the equation,
R;, has dimensions L, and S is dimensionless, so with a dimensionless constant n, we
end up with dimensions of L*?; for the left side of the equation the dimensions must
be L/t! A user of the equation is supposed to know that the values of n provided in
most references will give correct results only if we ignore the dimensional incon-
sistency, always use R, in meters, and interpret V' to be in m/s! (The alert student will
realize that this means that even though handbooks provide n values as just constants,
they must have units of s/m'>.) Because the equation is dimensionally inconsistent,
using the same value for n with R, in ft does not give the correct value for V in ft/s.
A second type of problem is one in which the dimensions of an equation are
consistent but use of units is not. The commonly used EER of an air conditioner is

cooling rate

EER= —————
electrical input

which indicates how efficiently the AC works—a higher EER value indicates better
performance. The equation is dimensionally consistent, with the EER being dimen-
sionless (the cooling rate and electrical input are both measured in energy/time).
However, it is used, in a sense, incorrectly, because the units traditionally used in it are
not consistent. For example, a good EER value is 10, which would appear to imply you
receive, say, 10 kW of cooling for each 1 kW of electrical power. In fact, an EER of
10 means you receive 10 Btu/hr of cooling for each 1 W of electrical power! Manu-
facturers, retailers, and customers all use the EER, in a sense, incorrectly in that they
quote an EER of, say, 10, rather than the correct way, of 10 Btu/hr/W. (The EER, as
used, is an everyday, inconsistent unit version of the coefficient of performance, COP,
studied in thermodynamics.)

The two examples above illustrate the dangers in using certain equations. Almost all the
equations encountered in this text will be dimensionally consistent, but you should be aware
of the occasional troublesome equation you will encounter in your engineering studies.

As a final note on units, we stated earlier that we will use SI and BG units in this
text. You will become very familiar with their use through using this text but should
be aware that many of the units used, although they are scientifically and engineering-
wise correct, are nevertheless not units you will use in everyday activities, and vice
versa; we do not recommend asking your grocer to give you, say, 22 newtons, or 0.16
slugs, of potatoes; nor should you be expected to immediately know what, say, a motor
oil viscosity of SW20 means!

SI units and prefixes, other defined units, and useful conversions are given in
Appendix G.

Anaéfscls of Ex,um'mem‘a/ Evvor 1.7

Most consumers are unaware of it but, as with most foodstuffs, soft drink containers
are filled to plus or minus a certain amount, as allowed by law. Because it is difficult to
precisely measure the filling of a container in a rapid production process, a 12-fl-oz
container may actually contain 12.1, or 12.7, fl oz. The manufacturer is never supposed
to supply less than the specified amount; and it will reduce profits if it is unnecessarily
generous. Similarly, the supplier of components for the interior of a car must
satisfy minimum and maximum dimensions (each component has what are called
tolerances) so that the final appearance of the interior is visually appealing. Engineers
performing experiments must measure not just data but also the uncertainties in their
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1.8 Summmy

measurements. They must also somehow determine how these uncertainties affect the
uncertainty in the final result.

All of these examples illustrate the importance of experimental uncertainty, that is,
the study of uncertainties in measurements and their effect on overall results. There
is always a trade-off in experimental work or in manufacturing: We can reduce the
uncertainties to a desired level, but the smaller the uncertainty (the more precise
the measurement or experiment), the more expensive the procedure will be. Fur-
thermore, in a complex manufacture or experiment, it is not always easy to see which
measurement uncertainty has the biggest influence on the final outcome.

Anyone involved in manufacturing, or in experimental work, should understand
experimental uncertainties. Appendix F has details on this topic; there is a selection of
problems on this topic at the end of this chapter.

In this chapter we introduced or reviewed a number of basic concepts and definitions, including:

v How fluids are defined, and the no-slip condition

v’ System/control volume concep
v' Lagrangian and Eulerian descri
v" Units and dimensions (includin
v Experimental uncertainty

ts
ptions
g Sl, British Gravitational, and English Engineering systems)

“Fly Like a Bird”

Case Study

No airplane, or airplane model, flies like a bird; air-
craft all have fixed wings when in flight, whereas birds
are (almost) constantly flapping away! One reason for
this is that airplane and model wings must support
relatively significant weight and are therefore thick and
stiff; another reason is that we don’t yet fully under-
stand bird flight! Engineers at the University of Florida
in Gainesville, led by researcher Rick Lind, have gone
back to the drawing board and have developed a
small surveillance aircraft (2-ft wingspan, weight a
total of 1%/. lb) that can change its wing shape during
flight. While it is not true bird flight (the main propul-
sion is through a propeller), it is a radical departure
from current airplane design. The airplane can change,
for example, from an M shape wing configuration (very
stable for gliding) to a W shape (for high maneuver-
ability). It is amazingly dexterous: It can turn three rolls

# A A

The airplane with various instantaneous wing shapes. (Courtesy of
Dr. Rick Lind, University of Florida.)

At the end of each chapter, we present a case study:
an interesting development in fluid mechanics chosen
to illustrate that the field is constantly evolving.

in less than a second (comparable to an F-15 fighter!),
and its flight is sufficiently birdlike that it has attracted
sparrows (friendly) and crows (unfriendly). Possible
uses are in military surveillance, detection of biological
agents in congested urban areas, and environmental
studies in difficult airspaces such as forests.


http://www.semeng.ir

www. 20fi |l e. or

Problems

Definition of a Fluid: Basic Equations

1.1 A number of common substances are

Tar Sand

“Silly Putty” Jello
Modeling clay Toothpaste
Wax Shaving cream

Some of these materials exhibit characteristics of both solid
and fluid behavior under different conditions. Explain and
give examples.

1.2 Give a word statement of each of the five basic con-
servation laws stated in Section 1.4, as they apply to a
system.

Methods of Analysis

1.3 The barrel of a bicycle tire pump becomes quite warm
during use. Explain the mechanisms responsible for the
temperature increase.

1.4 Discuss the physics of skipping a stone across the water
surface of a lake. Compare these mechanisms with a stone as
it bounces after being thrown along a roadway.

1.5 Make a guess at the order of magnitude of the mass (e.g.,
0.01, 0.1, 1.0, 10, 100, or 1000 1bm or kg) of standard air that
is in a room 10 ft by 10 ft by 8 ft, and then compute this mass
in Ibm and kg to see how close your estimate was.

1.6 A spherical tank of inside diameter 16 ft contains com-
pressed oxygen at 1000 psia and 77°F. What is the mass of
the oxygen?

1.7 Very small particles moving in fluids are known to experi-
ence a drag force proportional to speed. Consider a particle of
net weight W dropped in a fluid. The particle experiences
a drag force, Fp =kV, where V is the particle speed. Deter-
mine the time required for the particle to accelerate from
rest to 95 percent of its terminal speed, V,, in terms of k,
W, and g.

1.8 Consider again the small particle of Problem 1.7. Express
the distance required to reach 95 percent of its terminal
speed in percent terms of g, k, and W.

1.9 A cylindrical tank must be designed to contain 5 kg of
compressed nitrogen at a pressure of 200 atm (gage) and
20°C. The design constraints are that the length must be
twice the diameter and the wall thickness must be 0.5 cm.
What are the external dimensions?

.J 1.10 In a combustion process, gasoline particles are to be

dropped in air at 200°F. The particles must drop at least 10
in. in 1 s. Find the diameter d of droplets required for this.
(The drag on these particles is given by Fp = muVd, where V
is the particle speed and g is the air viscosity. To solve this
problem, use Excel’s Goal Seek.)

J 1.11 For a small particle of styrofoam (1 Ibm/ft®) (spherical,

with diameter d = 0.3 mm) falling in standard air at speed V,
the drag is given by Fp = 3muVd, where p is the air viscosity.
Find the maximum speed starting from rest, and the time it

Problems 17

takes to reach 95 percent of this speed. Plot the speed as a
function of time.

1.12 In a pollution control experiment, minute solid particles
(typical mass 1 X 10~ " slug) are dropped in air. The termi-
nal speed of the particles is measured to be 0.2 ft/s. The drag
of these particles is given by Fp = kV, where V is the instan-
taneous particle speed. Find the value of the constant k. Find
the time required to reach 99 percent of terminal speed.

1.13 For Problem 1.12, find the distance the particles travel
before reaching 99 percent of terminal speed. Plot the dis-
tance traveled as a function of time.

1.14 A sky diver with a mass of 70 kg jumps from an aircraft.
The aerodynamic drag force acting on the sky diver is known
to be Fp=kV?, where k=025 N-s>m>2 Determine the
maximum speed of free fall for the sky diver and the speed
reached after 100 m of fall. Plot the speed of the sky diver as
a function of time and as a function of distance fallen.

1.15 For Problem 1.14, the initial horizontal speed of the sky
diver is 70 m/s. As she falls, the k value for the vertical drag
remains as before, but the value for horizontal motion is
k=0.05 N -s/m”. Compute and plot the 2D trajectory of the
sky diver.

1.16 The English perfected the longbow as a weapon after the
Medieval period. In the hands of a skilled archer, the longbow
was reputed to be accurate at ranges to 100 m or more. If
the maximum altitude of an arrow is less than # =10 m while
traveling to a target 100 m away from the archer, and
neglecting air resistance, estimate the speed and angle at
which the arrow must leave the bow. Plot the required release
speed and angle as a function of height A.

Dimensions and Units

1.17 For each quantity listed, indicate dimensions using mass
as a primary dimension, and give typical SI and English units:
(a) Power
(b) Pressure
(c) Modulus of elasticity
(d) Angular velocity
(e) Energy
(f) Moment of a force
(g) Momentum
(h) Shear stress
(i) Strain

(j) Angular momentum

1.18 For each quantity listed, indicate dimensions using force
as a primary dimension, and give typical SI and English units:
(a) Power
(b) Pressure
(c) Modulus of elasticity
(d) Angular velocity
(e) Energy
(f) Momentum
(g) Shear stress
(h) Specific heat

fl
|

fl
|

fl
|
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(i) Thermal expansion coefficient
(j) Angular momentum

1.19 Derive the following conversion factors:
(a) Convert a viscosity of 1 m%/s to ft?/s.
(b) Convert a power of 100 W to horsepower.
(c) Convert a specific energy of 1 kJ/kg to Btu/lbm.

1.20 Derive the following conversion factors:
(a) Convert a pressure of 1 psi to kPa.
(b) Convert a volume of 1 liter to gallons.
(c) Convert a viscosity of 1 1bf-s/ft> to N -s/m>.

1.21 Derive the following conversion factors:
(a) Convert a specific heat of 4.18 kJ/kg - K to Btu/lbm - °R.
(b) Convert a speed of 30 m/s to mph.
(c) Convert a volume of 5.0 L to in®.

1.22 Express the following in SI units:
(a) 5 acre-ft
(b) 150 in’/s
(c) 3 gpm
(d) 3 mph/s
1.23 Express the following in SI units:
(a) 100 cfm (ft*/min)
(b) 5 gal
(c) 65 mph
(d) 5.4 acres
1.24 Express the following in BG units:
(a) 50 m?
(b) 250 cc
(c) 100 kW
(d) 5 kg/m?
1.25 Express the following in BG units:
(a) 180 cc/min
(b) 300 kW - hr
(c) 50 N-s/m?
(d) 40 m?-hr

1.26 While you’re waiting for the ribs to cook, you muse about
the propane tank of your barbecue. You're curious about the
volume of propane versus the actual tank size. Find the liquid
propane volume when full (the weight of the propane is spec-
ified on the tank). Compare this to the tank volume (take some
measurements, and approximate the tank shape as a cylinder
with a hemisphere on each end). Explain the discrepancy.

1.27 A farmer needs 4 cm of rain per week on his farm, with
10 hectares of crops. If there is a drought, how much water
(L/min) will have to be supplied to maintain his crops?

1.28 Derive the following conversion factors:

(a) Convert a volume flow rate in cubic inches per minute to
cubic millimeters per minute.

(b) Convert a volume flow rate in cubic meters per second
to gallons per minute (gpm).

(c) Convert a volume flow rate in liters per minute to gpm.

(d) Convert a volume flow rate of air in standard cubic feet
per minute (SCFM) to cubic meters per hour. A stan-
dard cubic foot of gas occupies one cubic foot at
standard temperature and pressure (7' =15°C and
p =101.3 kPa absolute).

1.29 The density of mercury is given as 26.3 slug/ft>. Calculate
the specific gravity and the specific volume in m>/kg of the

mercury. Calculate the specific weight in Ibf/ft> on Earth
and on the moon. Acceleration of gravity on the moon is
547 /s>,

1.30 The kilogram force is commonly used in Europe as a
unit of force. (As in the U.S. customary system, where 1 1bf is
the force exerted by a mass of 1 Ibm in standard gravity, 1 kgf
is the force exerted by a mass of 1 kg in standard gravity.)
Moderate pressures, such as those for auto or truck tires, are
conveniently expressed in units of kgf/cm® Convert 32 psig
to these units.

1.31 In Section 1.6 we learned that the Manning equation com-
putes the flow speed V (m/s) in a canal made from unfinished
concrete, given the hydraulic radius R;, (m), the channel slope S,
and a Manning resistance coefficient constant value n ~ 0.014.
For a canal with R, =7.5 m and a slope of 1/10, find the flow
speed. Compare this result with that obtained using the same n
value, but with R, first converted to ft, with the answer assumed
to be in ft/s. Finally, find the value of 7 if we wish to correctly use
the equation for BG units (and compute V to check!).

1.32 From thermodynamics, we know that the coefficient of
performance of an ideal air conditioner (CO Pjgcq) is given by

1y

COPijeal = 77—+

deal TH — TL

where 7, and 7y are the room and outside temperatures

(absolute). If an AC is to keep a room at 20°C when it is 40°C

outside, find the COP;g.q. Convert to an EER value, and

compare this to a typical Energy Star—compliant EER value.

1.33 The maximum theoretical flow rate (slug/s) through a
supersonic nozzle is

A
Hitgy = 2.38 2100

VT
where A, (ft%) is the nozzle throat area, p, (psi) is the tank
pressure, and T (°R) is the tank temperature. Is this equa-
tion dimensionally correct? If not, find the units of the 2.38
term. Write the equivalent equation in SI units.

1.34 The mean free path A of a molecule of gas is the average
distance it travels before collision with another molecule. It
is given by

m
A=C—
pd?

where m and d are the molecule’s mass and diameter,

respectively, and p is the gas density. What are the dimensions

of constant C for a dimensionally consistent equation?

1.35 In Chapter 9 we will study aerodynamics and learn that
the drag force Fp on a body is given by

Fp = %pVZACD

Hence the drag depends on speed V, fluid density p, and body
size (indicated by frontal area A) and shape (indicated by drag
coefficient Cp). What are the dimensions of Cp?

1.36 A container weighs 3.5 Ibf when empty. When filled with
water at 90°F, the mass of the container and its contents is
2.5 slug. Find the weight of water in the container, and its
volume in cubic feet, using data from Appendix A.
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1.37 An important equation in the theory of vibrations is

d>x  dx
AT =
moy e kx = f(1r)
where m (kg) is the mass and x (m) is the position at time ¢ (s).
For a dimensionally consistent equation, what are the
dimensions of ¢, k, and f? What would be suitable units for c,
k, and fin the SI and BG systems?

1.38 A parameter that is often used in describing pump
performance is the specific speed, Ny , given by

cu

_ N(rpm)[Q(gpm)]'

[H (0]

What are the units of specific speed? A particular pump has a
specific speed of 2000. What will be the specific speed in SI
units (angular velocity in rad/s)?

1.39 A particular pump has an “engineering” equation form of
the performance characteristic equation given by H (ft) =
1.5—4.5 X 107 [Q (gpm)]>, relating the head H and flow rate
Q. What are the units of the coefficients 1.5 and 4.5 X 107?
Derive an SI version of this equation.

Analysis of Experimental Error

1.40 Calculate the density of standard air in a laboratory
from the ideal gas equation of state. Estimate the experi-
mental uncertainty in the air density calculated for standard
conditions (29.9 in. of mercury and 59°F) if the uncertainty in
measuring the barometer height is *£0.1 in. of mercury and
the uncertainty in measuring temperature is =0.5°F. (Note
that 29.9 in. of mercury corresponds to 14.7 psia.)

1.41 Repeat the calculation of uncertainty described in Prob-
lem 1.40 for air in a hot air balloon. Assume the measured
barometer height is 759 mm of mercury with an uncertainty
of =1 mm of mercury and the temperature is 60°C with an
uncertainty of =1°C. [Note that 759 mm of mercury corre-
sponds to 101 kPa (abs).]

1.42 The mass of the standard American golf ball is 1.62 =
0.01 oz and its mean diameter is 1.68 *= 0.01 in. Determine
the density and specific gravity of the American golf ball.
Estimate the uncertainties in the calculated values.

1.43 A can of pet food has the following internal dimensions:
102 mm height and 73 mm diameter (each =1 mm at odds of
20 to 1). The label lists the mass of the contents as 397 g.
Evaluate the magnitude and estimated uncertainty of the
density of the pet food if the mass value is accurate to =1 g at
the same odds.

1.44 The mass flow rate in a water flow system determined by
collecting the discharge over a timed interval is 0.2 kg/s. The
scales used can be read to the nearest 0.05 kg and the stop-
watch is accurate to 0.2 s. Estimate the precision with which
the flow rate can be calculated for time intervals of (a) 10 s
and (b) 1 min.

1.45 The mass flow rate of water in a tube is measured using a
beaker to catch water during a timed interval. The nominal
mass flow rate is 100 g/s. Assume that mass is measured using
a balance with a least count of 1 g and a maximum capacity of

Problems 19

1 kg, and that the timer has a least count of 0.1 s. Estimate the
time intervals and uncertainties in measured mass flow rate
that would result from using 100, 500, and 1000 mL beakers.
Would there be any advantage in using the largest beaker?
Assume the tare mass of the empty 1000 mL beaker is 500 g.

1.46 The mass of the standard British golf ball is 45.9 = 03 g
and its mean diameter is 41.1 = 0.3 mm. Determine the
density and specific gravity of the British golf ball. Estimate
the uncertainties in the calculated values.

1.47 The estimated dimensions of a soda can are D = 66.0 =
0.5 mm and H =110 = 0.5 mm. Measure the mass of a full
can and an empty can using a kitchen scale or postal scale.
Estimate the volume of soda contained in the can. From your
measurements estimate the depth to which the can is filled
and the uncertainty in the estimate. Assume the value of
SG =1.055, as supplied by the bottler.

1.48 From Appendix A, the viscosity ; (N -s/m?) of water at
temperature 7 (K) can be computed from p = A105779),
where A =2.414 X 107> N -s/m’, B=247.8 K, and C = 140 K.
Determine the viscosity of water at 30°C, and estimate its
uncertainty if the uncertainty in temperature measurement is
+0.5°C.

1.49 Using the nominal dimensions of the soda can given
in Problem 1.47, determine the precision with which the
diameter and height must be measured to estimate the volume
of the can within an uncertainty of =0.5 percent.

1.50 An enthusiast magazine publishes data from its road tests
on the lateral acceleration capability of cars. The measurements
are made using a 150-ft-diameter skid pad. Assume the vehicle
path deviates from the circle by +2 ft and that the vehicle speed
isread from a fifth-wheel speed-measuring system to =0.5 mph.
Estimate the experimental uncertainty in a reported lateral
acceleration of 0.7 g. How would you improve the experimental
procedure to reduce the uncertainty?

1.51 The height of a building may be estimated by measuring the
horizontal distance to a point on the ground and the angle from
this point to the top of the building. Assuming these measure-
mentsare L = 100 = 0.5 ftand # = 30 = 0.2°, estimate the height
H of the building and the uncertainty in the estimate. For the
same building height and measurement uncertainties, use
Excel’s Solver to determine the angle (and the corresponding
distance from the building) at which measurements should be
made to minimize the uncertainty in estimated height. Evaluate
and plot the optimum measurement angle as a function of
building height for 50 = H = 1000 ft.

1.52 An American golf ball is described in Problem 1.42
Assuming the measured mass and its uncertainty as given,
determine the precision to which the diameter of the ball
must be measured so the density of the ball may be estimated
within an uncertainty of *£1 percent.

1.53 A syringe pump is to dispense liquid at a flow rate of
100 mL/min. The design for the piston drive is such that the
uncertainty of the piston speed is 0.001 in./min, and the
cylinder bore diameter has a maximum uncertainty of 0.0005
in. Plot the uncertainty in the flow rate as a function of
cylinder bore. Find the combination of piston speed and bore
that minimizes the uncertainty in the flow rate.
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Fundamental Conce/n ts

2.1 Fluid as a Continuum

2.2 Velocity Field

2.3 Stress Field

2.4 Viscosity

2.5 Surface Tension

2.6 Description and Classification of Fluid Motions

2.7 Summary and Useful Equations

Case Study in Energy and the Environment

Ocean Power
We’re not used to thinking of them this
way, but the oceans are a huge repository of
solar energy (and energy due to the moon’s motion).
The solar energy storage is initially thermal in nature, as
the water surface is heated during the day. When the
water cools overnight, thermal gradients are created
that ultimately lead to ocean currents (as well as winds)
containing huge amounts of energy. According to a
2009 U.S. Department of Energy study titled “Ocean
Energy Technology,” there are four types of ocean
energy conversion: wave energy, tidal energy, marine
current energy, and ocean thermal energy conversion.
The total power from waves believed to be available
is about 2.7 TW, of which it is currently practical to

20

extract 500 GW (500 X 10° W). Bear in mind that we
mentioned in Chapter 1 that total power consumption
by humans was about 16 TW (as of 2006), so at best
wave power could supply about 3 percent of human
needs using current technology. These devices work by
either floating on the surface of the ocean or by being
moored to the ocean floor. Many of these devices rely
on buoyancy forces, which we will discuss in Chapter 3.
Forexample, a device that floats on the surface may have
joints hinged together that bend with the waves; this
bending motion pumps fluid through turbines and cre-
ates electric power. Alternatively, stationary tethered
devices use pressure fluctuations produced in long
tubes from the waves swelling up and down; the bob-
bing motion drives a turbine. Wave energy is already


http://www.semeng.ir

www. 20fi |l e. or

reaching fairly advanced levels of development, with a
number of companies being involved.

Tidal energy uses the 12-hr cycle due to the grav-
itational force of the moon; the difference in water
height from low to high tide is an extractable form of
potential energy. For example, water can be captured
by using a barrier across an estuary during high tide
and by forcing the water through a turbine during low
tide. Alternatively, as shown in the figure, turbine sys-
tems could be mounted in such a way that they swing
with the tide, extracting energy when the tide comes in
and goes out. There are only about 20 locations on
earth with tides sufficiently high to make tidal energy
practical. The Bay of Fundy between Maine and Nova
Scotia features the highest tides in the world, reaching
17 m (56 ft). This area alone could produce up to 15 GW
of power. The total wave energy power believed to be
available is about 2.5 TW, of which, with current tech-
nology, it is practical to extract only about 65 GW.

Marine current energy is that due to ocean currents
(which in turn are generated by solar heating and by
the win