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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. One 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, with each
one picked to illustrate an important aspect. 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

STunits 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. 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 encoun-
tered 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
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 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. 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.

The text material is 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)

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

o 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
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 features that enhance
learning:

e Learning Objectives: A set of specific Learning Objec-
tives has been developed for the material in each chapter.
These are a set of testable specific skills and knowledge that
a student should be able to achieve after completing the
material in the chapter. Representative questions designed
to test whether the student has, in fact, achieved those skills
and knowledge is on the Instructor Companion website.

e Chapter Summary and Useful Equations: At the end
of each chapter, we summarize the major contributions
the material has made to meeting the Learning Objectives.
Also, as indicated previously, we provide a list of equations
that are most commonly used in problem solving.

e End-of-Chapter Problems: Problems in each chapter are
arranged by topic and grouped according to the chapter sec-
tion headings. Within each topic they generally increase in
complexity or difficulty. This makes it easy for the instruc-
tor to assign homework problems at the appropriate diffi-
culty level for each section of the book.

e Fluid Mechanics Concept Inventory: The Fluid Mechan-
ics Concept Inventory (FMCI) was developed under an
NSF grant to the Foundation Coalition by faculty at the
University of Wisconsin (J. Martin and J. Mitchell) and
the University of Illinois (A. Jacobi and T. Newell). The
inventory is used to a) evaluate whether students understand
fluids concepts as opposed to be able to do calculations,
and b) improve the teaching of fluids to correct student
misconceptions.

e Design and Open-ended Problems: Where appropriate,
we have provided open-ended design problems. Students
could be assigned to work in teams to solve these problems.
These problems encourage students to spend more time
exploring applications of fluid mechanics principles to

the design of devices and systems. These design problems
are available on the Instructor Companion website for many
chapters.

New to This Edition

This edition has been edited significantly and incorporates a
number of changes to previous editions:

e End of Chapter Problems: Approximately 5 new pro-
blems have been authored for each chapter and roughly
50% of the problems have been revised or updated. The
number of problems at the end of each chapter has been sig-
nificantly reduced and selected to illustrate the important
aspects of the material. The end-of-chapter problems that
have been removed from the previous edition are available
on the Instructor Companion website.

e Instructor-only Problems: Approximately 25 % of the
problems have been set aside as Instructor-only problems
that can be assigned at the discretion of the instructor. These
are mostly new problems developed for this edition.

e Show/Hide Solutions: Approximately 15 % of the pro-
blems in the enhanced ebook feature solutions behind
show/hide buttons. This feature will allow students to check
the intermediate steps of their work.

e Case Study: Each chapter is introduced with a Case Study
that illustrates the application of the material in the chapter.
Most of the case studies in the previous edition have been
updated and replaced with more recent applications.

e Videos: For many of the chapter subjects, short videos are
available that illustrate a specific phenomenon. These
videos, which are available in the enhanced ebook, are indi-
cated 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.

e References: The end-of-chapter references have been
updated and edited to give the current references most rel-
evant to the material.

e Computational Fluid Dynamics (CFD): The material on
CFD has been updated to reflect the current state of the art
and moved to an appendix with current references.

Additional Resources in the Enhanced Ebook:
The following resources are available for students enrolled in
classes that use the enhanced ebook.

e Excel Files: The Excel files used to solve examples in the
text are available on the Student Companion Website.
These files can be used to explore the solution further or
as a guide to the development of new solutions using Excel.

e A Brief Review of Microsoft Excel: This is an online tuto-
rial prepared by Philip Pritchard that will aid students in
using Excel to solve the end-of-chapter problems.



e Supplemental Chapter 12 Content: This is advanced
material relevant to Chapter 12 Introduction to Compress-
ible Fluid Flow.

Resources for Instructors

In addition to the materials available to students, the following
resources are available to instructors who adopt this text on
the Instructor Companion Website at www.wiley.com/go/
mitchell/foxfluidmechanics10e

e Solutions Manual: The solutions manual contains a
detailed solution for all homework problems. The expected
solution difficulty is indicated, and each solution is pre-
pared in the same systematic way as the example solutions
in the printed text. Each solution begins from governing
equations, clearly states assumptions, 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 class-
room or library use, eliminating the labor of problem-sol-
ving for the instructor.

e Learning Objective Assessment Questions: These are
questions designed to directly assess whether students have
achieved the Learning Objectives of the chapter. These can
be used in in-class discussions and assigned homework.

e Problem Key: The key provides the correspondence between
the problems in this tenth edition and those that were renum-
bered from the ninth edition.

o PowerPoint Lecture Slides: Lecture slides outline the
concepts in the book and include appropriate illustrations
and equations.

o Image Gallery: Illustrations are taken from the text in a
format 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 Instructor-only Problems: These are usually new pro-
blems that are available to the instructor only and that
can be assigned as new challenges to the students.

e Design Problems: A set of open-ended design problems
have been developed for appropriate chapters. They are
designed to integrate material in the chapter and would
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be expected to take one to two weeks of homework time
for students working in small teams.

e Supplemental Chapter 12 Content: This is the material on
Fanno flow, Rayleigh flow, and two-dimensional compress-
ible flow that had been developed for previous editions.
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Chapter 1 Problems

&3 Student solution available in interactive e-text.

Definition of a Fluid: Basic Equations

1.1 Describe the conditions for which the following substances can
be considered liquids.

Tar Honey Wax
Carbon dioxide Sea water Sand

Propane
Tothpaste

1.2 Give a word statement of each of the five basic conservation
laws stated in Section 1.2 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.

3 1-4 In a pollution control experiment, minute solid particles (typical
mass 1x 1073 slug) are dropped in air. The terminal 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 instantaneous particle speed. Find
the value of the constant k. Find the time required to reach 99 percent
of terminal speed.

1.5 A rocket payload with a weight on earth of 2000 Ibf is sent to the
moon. The acceleration due to gravity in the moon is 1/6™ that of
the earth. Determine the mass of the payload on the earth and on
the moon and the weight of the payload on the moon in SI, BG,
EE units.

1.6 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 4.

1.7 Air at standard atmospheric conditions enters the 6 in. diameter
inlet of an air compressor at a velocity of 20 ft/s. The air is com-
pressed and leaves the compressor through a 6 in. diameter outlet
at 80 psia and 150°F. Determine the mass flow rate of the air and
the exit velocity.

1.8 A water flow of 4.5 slug/s at 60°F enters the condenser of steam
turbine and leaves at 140°F. Determine the heat transfer rate (Btu/hr).

1.9 Determine the weight (N) and specific volume of a cubic meter
of air at 101 kPa and 15°C. Determine the specific volume if the air is
cooled to —10°C at constant pressure.

3 1.10 Determine the specific weight, specific volume, and density of
air at 40°F and 50 psia in BG units. Determine the specific weight,
specific volume, and density when the air is then compressed isen-
tropically to 100 psia.

Dimensions and Units

1.11 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

1.12 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

(i) Thermal expansion coefficient

(j) Angular momentum

1.13 The maximum theoretical flow rate (slug/s) for air flow through
a supersonic nozzle is given as

Aipo

Nirs

where A, is the nozzle throat area (ft%), pq is the supply tank pressure
(psia), and Ty is the air temperature in the tank (°R). Determine the
dimensions and units of the constant 2.38. Determine the equivalent
equation in SI units.

Hmax = 2.38

1.14 The mean free path A of a molecule of gas is the average dis-
tance it travels before collision with another molecule. It is given by

m
I=C—;
pd?

where m and d are the molecule’s mass and diameter, respectively,
and p is the gas density. Determine the dimensions of constant C
for a dimensionally consistent equation.

1.15 The density of a sample of sea water is 1.99 slug/ft>. Determine
the value of density in SI and EE units, and the value of specific
weight in SI, BG and EE units.

1.16 A fluid occupying 3.2m? has a mass of 4 mg. Calculate its
density and specific volume in SI, EE, and BG units.

1.17 Derive the following conversion factors:
(a) Convert a presssure of 1 psi to kPa.

(b) Convert a volume of 1 liter to gallons.

(c) Convert a viscosity of 1 Ibf-s/ft? to N-s/m>.
1.18 Express the following in SI units:

(a) 100 cfm(ft* /min)

(b) 5 gal

(c) 65 mph

(d) 5.4 acres
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1.19 Express the following in BG units:
(a) 50m?

(b) 250cc

(c) 100kW

(d) 5kg/m?

1.20 Derive the conversion factors for the following quantities
for volume flow rate

(a) Converting in*/min to mm?%/s.
(b) Converting gallons per minute (gpm) to m?/s.
(c) Converting gpm to liters/min.

(d) Converting cubic feet per minute (cfm) to m’/s.

Analysis of Experimental Error

1.21 Calculate the density of standard air in a laboratory from the
ideal gas equation of state. Estimate the experimental 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.)

1.22 A parameter that is often used in describing pump performance

is the specific speed, Ns_, given by

cu

N(tpm)[Q(gpm)] '/
[H(£e)]*/*

Ns,, =

Determine the units of specific speed. For a pump with a specific
speed of 200, determine the specific speed in SI units with angular
velocity in rad/S.

1.23 The mass flow rate in a water flow system determined by col- )

lecting 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 stopwatch is accurate
to 0.2 s. Estimate the precision with which the flow rate can be cal-
culated for time intervals of (a) 10 s and (b) 1 min.

1.24 From Appendix A, the viscosity x(N-s/m?) of water at tem-
perature T(K) can be computed from u=A10%/T-9) where
A=2.414x 1073 N-s/m?, B=247.8K, and C=140K. Determine
the viscosity of water at 30°C, and estimate its uncertainty if the
uncertainty in temperature measurement is £0.5°C.

1.25 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 that these
measurements are L=100=+0.5ft and 9 =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 dis-
tance 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.

1.26 An American golf ball has a mass of 1.62 + 0.01 oz and a nom-
inal diameter of 1.68 in. Determine the precision that the diameter
of the ball must be measured so that the uncertainty of the density
of the ball is +1 percent.



CHAPTER 1

Introduction

1.1 Introduction to Fluid Mechanics

1.2 Basic Equations
1.3 Methods of Analysis

Case Study

Wind generated electricity is increasingly becoming a major
factor in meeting U.S. energy needs. In 2017, wind energy pro-
vided 254 x 10° kWh of electricity, or about 6.3 percent of the
total electrical use (EIA, www.eia.gov/). In several states, over
10 percent of the electricity generated came from wind. The
total production has increased by 30 percent over that of 2015,
showing the rapid growth of wind power.

Electricity from the wind is produced in wind turbine farms, as
shown in the figure. The individual turbines are large, with the
height of the hub reaching to 70 m (220 ft) and the blades up
to 35 m (120 ft) in diameter. The total weight of the blades,
nacelle, and tower is about 165 tons. The nacelle contains the
gearbox and the generator, with the transmission lines to the grid
in the tower. A turbine this size is rated at 1.5 MW, which is
enough electricity to supply about 250 U.S. homes.

The kinetic energy of the wind is the source of power for a
wind turbine. Using the conservation of mass relation, the max-
imum efficiency of a wind turbine has been established at
59.3 percent. This maximum is known as Betz's law after the
German physicist Albert Betz who derived the relation in 1919.
Practical utility-scale wind turbines achieve 75—80 percent of
the maximum, thus extracting about 45 percent of the available
energy of the wind.

The design of turbine blades has evolved from the flat surfaces
used on windmills to the propeller shapes seen on modern tur-
bines. The pitch of the blade, which is the angle between the
blade and the oncoming wind, is increased as the wind speed

1.4 Dimensions and Units
1.5 Analysis of Experimental Error
1.6 Summary

increases. This is done to provide a match between the wind
and the blade surface so that the wind flows smoothly over the
blade. Because the velocity of the blade increases from the hub
to the tip, the blade shape twists accordingly to maintain a con-
stant pitch along the blade. Such designs allow the high efficiency
attained in wind turbines. The basic fluid mechanics that we will
study in this text provides the basis for the aerodynamic design of
devices such as wind turbines.

Dale/Adobe Stock Photo
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Learning Objectives
After completing this chapter, you should be able to
e Explain the definition of a fluid in physical terms.

e State and explain the basic laws of fluid mechanics.

e Define “system” and “control volume” and explain the difference.

Describe the dimensions and units of the systems used in fluid mechanics.

Estimate the uncertainty in a physical measurement.

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 developed a good understanding of the concepts behind all of these, and many other applica-
tions, 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, will show fluid mechanics to be a fascinating
and varied field of study.

There are some prerequisites for this text. We assume you have already studied introductory ther-
modynamics, 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, 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 equations
at the end of each chapter, 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 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.
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6 Complete the analysis algebraically before substituting numerical values. This is especially important
if you are using software to solve the problem.

7 Substitute numerical values 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.

(c) Check the units of each term to be certain they are consistent.
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.

The problems at the end of each chapter range in degree of difficulty. For many, pencil and paper
together with a calculator will suffice. This is especially true for those problems we have designed to
illustrate a single principle or concept. However, there are many more complex problems, and we have
found that using software tools is a more appropriate and satisfactory approach to obtaining a solution.
We have provided an Excel tutorial and solutions for many of the book’s examples on the website that
can be used to help you get started with this tool. Additionally, there are a large number of other equation
solvers that students have found very useful, including EES, MATLAB, and Mathematica. We encourage
you to learn to use one of these tools as virtually all problems you will encounter in practice are
complicated.

Scope of Fluid Mechanics

As the name implies, fluid mechanics is the study of fluids at rest or in motion. The subject has applica-
tions to a wide range of traditional subjects such as the design of dam systems, water delivery systems,
pumps and compressors, and the aerodynamics of automobiles and airplanes. Fluid mechanics has facili-
tated the development of new technology in the environmental and energy area such as large-scale wind
turbines and oil spill cleanups. Medical advances in the understanding and treatment of flow problems in
the circulatory and respiratory system have been aided by fluid mechanics applications. The modeling
of atmospheric circulation and ocean currents that aids understanding of climate change is based on
fluid mechanics principles. Possibly the greatest advance in fluid mechanics in recent years is the ability
to model extremely complex flows using software. The technique known as computational fluid
dynamics (CFD) has at its heart the basic relations of fluid mechanics.

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

Definition of a Fluid

We are certain that you have a common-sense idea of what a fluid is, as opposed to a solid. Fluids tend to
flow when we interact with them whereas solids tend to deform or bend. Engineers need a more formal
and precise definition of a fluid: A fluid is a substance that deforms continuously under the application of
a shear (tangential) stress no matter how small the shear stress may be. Because the fluid motion con-
tinues 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. 1.15); 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, d, etc.) as long as the force is applied. Note that a fluid in contact with a solid surface
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(a) Solid or fluid (b) Solid or fluid (c) Fluid only (d) Fluid only

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

does not slip. It has the same velocity as that surface because of the no-slip condition, which is a very
important an experimental fact.

The amount of deformation of the solid depends on the solid’s modulus of rigidity. In Chapter 2 we
will learn that the rate of deformation of the fluid depends on the fluid’s viscosity x. 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 metal coil springs
compressing and expanding. On the other hand, fluids exhibit friction effects so that the shock absorbers,
which contain a fluid that is forced through a small opening, dissipate energy due to the fluid friction
and stop the bouncing after a few oscillations.

The idea that substances can be categorized as being either a solid or a liquid holds for most sub-
stances, but a number of substances exhibit both springiness and friction. They are termed 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. Other examples of
viscoelastic materials are some polymers, metals at very high temperatures, and bitumen material such as
asphalt.

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:

1 The conservation of mass

2 Newton’s second law of motion (also termed the principle of linear momentum)
3 The principle of angular momentum

4 The first law of thermodynamics

5 The second law of thermodynamics

All basic laws are usually not 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, the ideal gas equation of state

p=pRT (L.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 and 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
T,=27°C T,=627°C ] ! 2 / ]

Find: 0,_.,.

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

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 =U,-U,=m(uy—uy) =mc, (T, —T)
The work done during the process is moving boundary work
ie)
Wia =/ pd¥ =p(¥2—¥)
Vi

For an ideal gas, p¥ =mRT. Hence Wi, =mR(T, —T1). Then from the first law equation,

Opn=E,—-E +Wp, =mcv(T2 —Tl) +mR(T2 —Tl)
Qi =m(T,—Ti)(c, +R)
Qi2=mcy(To—T1) {R=cp—c,}

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

we obtain This problem:
+ Was solved using the nine logical steps
J O discussed earlier.
012=0.95kg X 909kg—-K X600 K=518kJ - Reviewed the use of the ideal gas equa-

tion and the first law of thermodynamics
for a system.

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. In fluid mechanics, 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 thermodynamics (also termed closed system and open system, respectively). We can use either
one to get mathematical expressions for each of the basic laws. In thermodynamics we applied the con-
servation of mass and the first and second laws of thermodynamics in most problems. In our study of
fluid mechanics, we will usually apply 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
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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 with the system boundaries separating 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.

System
boundary

Fig. 1.2 Piston-cylinder assembly.

In solid body mechanics courses you used the free-body diagram (system approach) extensively.
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, and nozzles. In these cases it is difficult to focus attention on a fixed identifiable
quantity of mass. It is much more convenient, 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 (), O, and Q) are parts of the surface that are imaginary. 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) or the force required to hold the junction in place. Example 1.2
illustrates how we use a control volume to determine the mass flow rate in a section of a pipe. It is
always important to take care in selecting a control volume, as the choice has a big effect on the mathe-
matical form of the basic laws.

~ Control surface

Fig. 1.3 Fluid flow through a pipe junction.
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Example 1.2 MASS CONSERVATION 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.

Given: Pipe, inlet D; =50 mm, exit D, =30 mm.

Inlet | | Exit
Inlet speed, V;=2.5m/s. —’II:|:'>:|:'_:T—>
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 rn= VA /v or in=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,
pViAi = pVeAe

Note: p; =p, =p by our first assumption.

Solving for V,,

A; D? /4 D\’
v, =v Ay —V,~<—‘>

A.  'mD2/4 D,
> This problem:
V.=2 7E (5_0) —7 59 Ve - Was solved using the nine logical steps.
© 7 s \30 ' - Demonstrated the use of a control

volume and the mass conservation law.

Differential versus Integral Approach

The basic laws that we apply in our study of fluid mechanics can be formulated in terms of systems
or 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 case of infinitesimal systems 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.

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 formula-
tions, 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

We use a method of description that follows the particle when we want to keep track of it. This sometime
is referred to as the Lagrangian method of description. Consider, for example, the application of
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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

- 4V &F
ZF:ma:m—:m—r

1.2
dt dr? (1.2)

In Eq. 1.2, TF is the sum of all external forces acting on the system, a is the acceleration of the center
of mass of the system, Vis the velocity of the center of mass of the system, and r is the position vector of
the center of mass of the system relative to a fixed coordinate system. In Example 1.3, we show how
Newton’s second law is applied to a falling object to determine its speed.

Example 1.3 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 FJ, 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 per-
centage of the terminal speed is the result? (The ferminal speed is the steady speed a falling body eventually attains.)

Given: Ball, m=0.2kg, released from rest at yo =500 m. mg
Air resistance, F =kV?, where k=2x 10~% N-s?/m?.
Units: Fp(N), V (m/s). Yo—
Find: FT
(a) Speed at which the ball hits the ground. L ?
(b) Ratio of speed to terminal speed. x

Solution:

Governing equation:

>F =mad

Assumption: Neglect buoyancy force.

The motion of the ball is governed by the equation

dv
YF, =ma, =m—
\ =mdy=m o

dvdy _dv

Since V =V(y), we write XF, =m—— =mV —. Then,

dy dt—  dy

dav
ZFyzFD—mgsz2—mg=mV—

Separating variables and integrating,

dy
/y dy= /V mvdV
Y o kVZ—mg

m V. m _ kV?—mg
—vyn= |—1 2_ } = lp—— "%
VI [Zk n(kV"—mg) o 2k n —mg

Taking antilogarithms, we obtain

Solving for V gives

KV2 = mg = —mg elk/m0=30)

V= {% (1 _ e[(Zk/m)(y—yon) }'/ ?
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Substituting numerical values with y=0 yields

2 2
V=402kex981 ox_ 1 s N8 (1—e[““w"‘/"J(-SOOH)
$272x107*N-s2 " kg-m

V=787m/s 4

At terminal speed, a, =0 and £F, =0=kV>—mg.

1/2
mg11/2 m m? N-s?
Th ,v={—} =102kgx9.81 = x x
=% { . s272x107*N-s2 " kg-m

=99.0m/s
The ratio of actual speed to terminal speed is This problem:
\% - Reviewed the methods used in particle
vV 787 v mechanics.
V. =900" 0.795, or 79.5% ! « Introduced a variable aerodynamic
f .

drag force.

We could use this Lagrangian approach to analyze a fluid flow by assuming the fluid to be com-
posed 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 horrendous bookkeeping problem. Consequently, a
particle description becomes unmanageable. 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.

1.4, Dimensions and Units

Engineering problems are solved to answer specific questions. It goes without saying that the answer
must include units, and it is very important to know what the units of a problem are. In 1999, NASA’s
Mars Climate Observer crashed because the JPL engineers assumed that a measurement was in meters,
but the supplying company’s engineers had actually made the measurement in feet. Consequently, it is
appropriate to present a brief review of dimensions and units.

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 the two groups of
primary and secondary quantities. We refer to a small group of dimensions from which all others
can be formed as primary quantities, and 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 pri-
mary 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 such as 1 mile = 5280 feet = 1609 meters.

Systems of Dimensions

Any valid equation that relates physical quantities must be dimensionally homogeneous; each term in the
equation must have the same dimensions. We recognize that Newton’s second law relates the four





