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PREFACE

4. Performing the analyses and calculations required in the 
solutions.

5. Critiquing the design of a given system and recom-
mending improvements.

6. Designing practical, efficient fluid systems.

7. Using computer applications, both commercially avail-
able and self-developed, for design and analysis of fluid 
flow systems.

This multilevel approach has proven successful for sev-
eral decades in building students’ confidence in their ability 
to analyze and design fluid systems.

Concepts are presented in clear language and illustrated 
by reference to physical systems with which the reader 
should be familiar. An intuitive justification and mathemati-
cal basis are given for each concept. The methods of solu-
tion to many types of complex problems are presented in 
step-by-step procedures. The importance of recognizing the 
relationships among what is known, what is to be found, and 
the choice of a solution procedure is emphasized.

Many practical problems in fluid mechanics require rel-
atively long solution procedures. It has been the authors’ 
experience that students often have difficulty in carrying out 
the details of the solution. For this reason, each example 
problem is worked in complete detail, including the manipu-
lation of units in equations. In the more complex examples, a 
programmed instruction format is used in which the student 
is asked to perform a small segment of the solution before 
being shown the correct result. The programs are of the linear 
type in which one panel presents a concept and then either 
poses a question or asks that a certain operation be per-
formed. The following panel gives the correct result and the 
details of how it was obtained. The program then continues.

The International System of Units (Système Interna-
tional d’Unités, or SI) and the U.S. Customary System of 
units are used approximately equally. The SI notation in this 
book follows the guidelines set forth by the National Institute 
of Standards and Technology (NIST), U.S. Department of 
Commerce, in its 2019 publication The International System 
of Units (SI) (NIST Special Publication 330), edited by David 
B. Newell and Eite Tiesinga.

COMPUTER-ASSISTED PROBLEM  
SOLVING AND DESIGN
Computer-assisted approaches to solving fluid flow prob-
lems are recommended only after the student has demon-
strated competence in solving problems manually. They 
allow more comprehensive problems to be analyzed and 

Applied Fluid Mechanics, 8th edition has been completely 
updated and revised to meet current industry standards. It is 
available in two general formats–print and eText. The print 
version is now available as an affordable rent-to-own option 
for students. Several options for low cost digital eTexts are also 
available as a subscription or ownership. For access to Pearson 
eText, visit Pearson.com/learner.

INTRODUCTION
The objective of Applied Fluid Mechanics, 8th edition is to 
present the principles of fluid mechanics and the application 
of these principles to practical, applied problems. The pri-
mary emphasis is on fluid properties; the measurement of 
pressure, density, viscosity, and flow; fluid statics; flow of 
fluids in pipes and noncircular conduits; pump selection and 
application; open-channel flow; forces developed by fluids 
in motion; the design and analysis of heating, ventilation, 
and air conditioning (HVAC) ducts; and the flow of air and 
other gases.

Applications are shown in the mechanical field, 
including industrial f luid distribution, f luid power, and 
HVAC; in the chemical field, including flow in materials 
processing systems; and in the civil and environmental 
fields as applied to water and wastewater systems, f luid 
storage and distribution systems, and open-channel flow. 
This book is directed to anyone in an engineering field 
where the ability to apply the principles of fluid mechan-
ics is the primary goal.

Those using this book should understand algebra, trigo-
nometry, and mechanics. After completing the book, stu-
dents should have the ability to design and analyze practical 
fluid flow systems, and to continue learning in the field. 
Following this course students can take other applied 
courses, such as those on fluid power, HVAC, and civil 
hydraulics. This book can also be used to teach selected 
fluid mechanics topics within such courses.

APPROACH
As with previous editions, the approach used encourages 
students to become intimately involved in learning the prin-
ciples of fluid mechanics at seven levels:

1. Understanding concepts.

2. Recognizing how the principles of fluid mechanics 
apply to their own experience.

3. Recognizing and implementing logical approaches to 
problem solutions.
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students can extend and demonstrate their abilities in assign-
ments, projects, or self-study. The integrated companion 
software, PUMP-FLO®, provides access to catalog data for 
numerous types and sizes of pumps that students can use in 
assignments and to become more familiar with that method 
of specifying pumps in their future positions.

Instructors should contact training@pipe-flo.com to 
obtain download links and license keys to allow for installa-
tion on either the institution’s or students’ machines.

Feedback from users of the 7th edition indicated that 
the inclusion of PIPE-FLO® in the book is highly valuable. 
Although some chose not to integrate this in their courses, 
they advise students that it is an important tool for use in 
their career when piping design, pump selection, and analy-
sis of existing piping systems are encountered. With the 
analytical tools students learn from studying from this 
book, they should be able to implement PIPE-FLO® readily 
in their industry positions. Instructors who do use the soft-
ware report that it is an enhancement of the course and it 
provides natural and seamless computer application. Both 
the software and the book use the same industry standard, 
Crane’s TP410, as the analytical basis for computations. We 
encourage your use of the software within your coverage of 
Chapters 8 through 13 and that you advise students to retain 
this book as support when applying the software in an 
industry position. They should also be advised that there is 
a full commercial version available through ESI that has 
greatly increased capability. If your institution would like to 
run the full version with a site license for educational pur-
poses, and avoid the need for individual downloads while 
also having access to the capabilities of the full version, 
simply contact ESI to set that up at no cost.

FEATURES OF THE EIGHTH 
EDITION
The eighth edition continues the pattern of earlier editions in 
refining the presentation of several topics, enhancing the 
visual attractiveness and usability of the book, updating data 
and analysis techniques, and adding selected new material. 
The Big Picture begins each chapter as in the preceding two 
editions, but each has been radically improved with one or 
more new, attractive photographs or illustrations, a refined 
Exploration section that gets students personally involved 
with the concepts presented in the chapter, and brief Intro-
ductory Concepts that preview the chapter discussions. 
Feedback from instructors and students about this feature 
has been very positive. The extensive appendixes continue 
to be useful learning and problem-solving tools.

HIGHLIGHTS OF CHANGES  
IN THIS EDITION:

■■ A large percentage of the illustrations have been upgrad-
ed in terms of realism, consistency, and graphic quality. 
Full color continues to enhance the appearance and ef-
fectiveness of illustrations, graphs, and the general layout 

give students tools for considering multiple design options 
while removing some of the burden of calculations. Also, 
many employers expect students to have not only the skill to 
use software, but the inclination to do so, and using software 
within the course effectively nurtures this skill. We recom-
mend the following classroom learning policy.

Users of computer software must have solid under-
standing of the principles on which the software is 
based to ensure that analyses and design decisions 
are fundamentally sound. Software should be used 
only after mastering relevant analysis methods by 
careful study and using manual techniques.

Computer-based assignments are included at the end of 
many chapters. These can be solved by a variety of tech-
niques such as:

■■ The use of a spreadsheet such as Microsoft® Excel
■■ The use of technical computing software
■■ The use of commercially available software for fluid 

flow analysis

Chapter 11, Series Pipeline Systems, and Chapter 13, 
Pump Selection and Application, include example Excel 
spreadsheet aids for solving fairly complex system design 
and analysis problems. In this edition, the spreadsheets are 
shown in color to assist instructors and students in recogniz-
ing the nature of input data and results.

Powerful, commercially available software: A feature 
introduced in the 7th edition of this book continues in this 
edition. PIPE-FLO® is a software package that is interna-
tionally renowned for piping system analysis and design. It 
is produced and marketed by PIPE-FLO, pipe-flo.com, in 
Lacey, Washington, and uses the same basic methodology 
presented in this text for analyzing pumped fluid flow sys-
tems. Students who fully understand the principles and man-
ual problem-solving methods presented in this book will be 
well-prepared to apply them in industrial settings and they 
will also have learned the fundamentals of using PIPE-
FLO® to perform the analyses of the kinds of fluid flow sys-
tems they will encounter in their careers. This skill should 
be an asset to students’ career development.

The software can be obtained from PIPE-FLO at no 
cost. Instructors and students using this book can download 
the software and receive full installation support from ESI. 
The tools and techniques for building computer models of 
fluid flow systems are introduced carefully starting in Chap-
ter 8 on energy losses due to friction in pipes and continuing 
through Chapter 13, covering minor losses, series pipeline 
systems, parallel and branching systems, and pump selec-
tion and application. As each new concept and problem-
solving method is learned from this book, it is then applied 
to one or more example problems where students can 
develop their skills in creating and solving real problems. 
With each chapter, the kinds of systems that students will be 
able to complete expand in breadth and depth. Several sup-
plemental problems using PIPE-FLO® are in the book so 
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AUTHORS OF THIS BOOK—
PROFESSORS ROBERT L. MOTT 
AND JOSEPH A. UNTENER
We are pleased that the eighth edition of Applied Fluid 
Mechanics continues to be authored by Robert L. Mott and 
Joseph A. Untener, working as a team.

Professor Mott is the original author of this book, with 
its first edition appearing in 1970. He was the sole author of 
the first six editions before inviting Professor Untener to be 
the co-author of the 7th edition. Bob has significant industry 
experience along with work through the University of Day-
ton Research Institute, industrial consulting, and accident 
reconstruction and analysis. He served in the University of 
Dayton School of Engineering on the faculty of the Depart-
ment of Engineering Technology for 35 years prior to retire-
ment. He served as department chair and associate dean. In 
addition to this book, he is the author of Machine Elements in 
Mechanical Design, and Applied Strength of Materials, both 
of which are in the 6th editions. He was the sole author of the 
first five editions and took on coauthors for the 6th editions.

Professor Untener has been a faculty member in the 
Department of Engineering Technology at the University of 
Dayton since 1987 when he was hired by Professor Mott. Joe’s 
first course taught at UD was Fluid Mechanics, using the 2nd 
edition of this book, and he continues to include this course in 
his schedule. Joe is a registered Professional Engineer with a 
strong background working in industry. He is a respected 
instructor who focuses on pedagogy and student learning. He 
brings fresh ideas and a keen sense of methodology and style 
to the partnership that will continue to develop this textbook 
into the future. His contributions, including the integration of 
software and updating the graphics, will continue to be of great 
value to users of this book, both students and instructors.

ONLINE RESOURCES AVAILABLE 
TO INSTRUCTORS FROM THE  
PEARSON INSTRUCTOR 
RESOURCE CENTER
As an instructor, please take advantage of all of the online 
resources that accompany this text. Instructors have access to a 
complete Solutions Manual with clear and detailed step-by-
step solutions, including units, for each problem in the text. An 
entire Image Bank with all figures shown in the text is also 
available to instructors. Given the graphical nature of fluid sys-
tems, we encourage instructors to download this image bank 
for use in developing course aids such as presentations and test 
items throughout the entire academic term. In addition, a set of 
presentation slides for the entire book is available to all instruc-
tors in PowerPoint format. To access supplementary materials 
online, instructors need to request, with proper credentials, an 
instructor access code. Go to www.pearsonhighered.com/irc to 
login or register for an instructor access code.

of the book. Many photographs of commercially avail-
able products have been updated and some new ones have 
been added.

■■ The end-of-chapter References provide extensive re-
sources to both instructors and students. Industry stan-
dards and additional resources have been updated, re-
vised, and extended.

■■ Internet resources have become important supplemental 
references that provide useful information such as com-
mercially available products, additional data for problem 
solving and design, more in-depth coverage of certain 
topics, information about fluid mechanics software, and 
industry standards. These important resources have been 
updated and many have been added to those in previous 
editions.

■■ Use of SI metric units alongside U.S. Customary units has 
been continued throughout the book. Appendix tables that 
feature purely metric sizes for steel, copper, and plastic 
tubing are included. Use of the metric DN-designations 
for standard Schedules 40 and 80 steel pipes are integrat-
ed into the discussions, example problems, and end-of-
chapter problems. Almost all metric-based problems use 
these tables for pipe or tubing designations, dimensions, 
and flow areas. This should give students strong founda-
tions on which to build a career in the global industrial 
scene in which they will pursue their careers.

■■ Many creative supplemental problems are included at 
the end of the Problems section in several chapters to en-
hance student learning and to provide more variety for 
instructors in planning their courses.

■■ Graphical tools for selecting pipe sizes are included 
in Chapter 6 and used in later chapters and design   
projects.

■■ The discussion of computational fluid mechanics is in-
cluded in Chapter 9 with attractive graphics that are high-
ly relevant to the study of pipe flow.

■■ The use of K-factors (resistance coefficients), based on 
the equivalent-length approach, continues according 
to the latest version of the Crane Technical Paper 410 
(TP 410).

■■ Use of the flow coefficient CV for evaluating the relation-
ship between flow rate and pressure drop across valves 
continues in Chapter 10 with equations for use with both 
U.S. and SI metric units. It is also included in parts of 
Chapter 13 that emphasize the use of valves as control 
elements.

■■ The section, General Principles of Pipeline System De-
sign, continues to be a useful feature in Chapter 11.

■■ Several sections in Chapter 13 on pump selection and ap-
plication provide in-depth coverage that is consistent with 
TP 410, the development of relevant topics, and use of the 
PIPE-FLO® software.
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this book in class and offered helpful suggestions. Robert 
Wolff, also of the University of Dayton, has provided much 
help in the use of the SI system of units, based on his long 
experience in metrication through the American Society for 
Engineering Education. Professor Wolff also consulted on 
fluid power applications. We thank all those from PIPE-
FLO for their cooperation and assistance in incorporating 
the PIPE-FLO® software into this book, particularly Joe 
Benefield. We are grateful for the expert professional and 
personal service provided by the editorial and marketing 
staff of Pearson Education. Comments from students who 
used the book are also appreciated because the book was 
written for them.

Robert L. Mott and Joseph A. Untener
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1

As you begin the study of fluid mechanics, let’s look at 
some fundamental concepts and look ahead to the major 
topics that you will study in this book. Try to identify 
where you have encountered either stationary or moving, 
pressurized fluids in your daily life. Consider the water 
system in your home, hotels, or commercial buildings. 
Think about how your car’s fuel travels from the tank to 
the engine or how the cooling water flows through the 
engine and its cooling system. When enjoying time in 
an amusement park, consider how fluids are handled in 
water slides or boat rides. Look carefully at construction 
equipment to observe how pressurized fluids are used 
to actuate moving parts and to drive the machines. Visit 
manufacturing operations where automation equipment, 
material handling devices, and production machinery uti-
lize pressurized fluids.

Consider fluid systems that we don’t often think about 
but are present in our daily lives. There are many piping 
arrangements similar to the one shown in Fig. 1.1 that are 
transferring fluids through various components that we 
might not even notice. When you walk into the building 
for your fluid mechanics course, for example, you sim-
ply expect it to be the right temperature, but that typically 
requires pumped fluids. You would expect to be able to get 
a drink or go to the restroom on the way to class. You would 
imagine that if a fire began, there would be emergency  

THE BIG PICTURE

systems in place to provide fire suppression. Complex pip-
ing systems that use pumps to transfer fluids are required 
to drive all of these systems and many more.

Listed here are several of the major concepts you will 
study in this book:

■■ Fluid mechanics is the study of the behavior of flu-
ids, either at rest (fluid statics) or in motion (fluid  
dynamics).

■■ Fluids can be either liquids or gases, and they can be 
characterized by their physical properties such as den-
sity, specific weight, specific gravity, surface tension, 
and viscosity.

■■ Quantitatively analyzing fluid systems requires care-
ful use of units for all terms. Both the SI metric sys-
tem of units and the U.S. gravitational system are used 
in this book. Careful distinction between weight and 
mass is also essential.

■■ Fluid statics concepts that you will learn include the 
measurement of pressure, forces exerted on surfaces 
due to fluid pressure, buoyancy, and stability of float-
ing bodies.

■■ Learning how to analyze the behavior of fluids as they 
flow through circular pipes and tubes and through 
conduits with other shapes is important.

C H A P T E R

O N E

THE NATURE OF FLUIDS AND THE 
STUDY OF FLUID MECHANICS

FIGURE 1.1 Complex industrial and commercial 
fluid piping systems, often unnoticed but critical 
in our daily lives, require careful design and 
analysis. The system shown here is required to 
maintain comfortable temperatures in a commer-
cial building. (Source: Tinnarat Suwanna/123RF)
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2 CHAPTER ONE The Nature of Fluids and the Study of Fluid Mechanics

pressures are required? How is the flow of water 
controlled? What materials are used for the pipes, 
tubes, tanks, and other containers or conduits? As 
you study Chapters 6–13, you will learn how to ana-
lyze and design systems in which the water flows in 
a pipe or a tube. Chapter 14 discusses the cases of 
open-channel flow such as that in the gutters that 
catch the rain from the roof of your home.

2. In your car, describe the system that stores gasoline 
and then delivers it to the car’s engine. How is the 
windshield washer fluid managed? How does the cool-
ant move from the engine to the radiator? Describe 
what happens when you apply the brakes, particularly 
as it relates to the hydraulic fluid in the braking sys-
tem. The concepts in Chapters 6–13 will help you to 
describe and analyze these kinds of systems.

3. Consider the performance of an automated manufac-
turing system that is actuated by fluid power systems 
such as the one shown in Fig. 1.2. Describe the flu-
ids, pumps, tubes, valves, and other components of 
the system. What is the function of the system? How 
does the fluid accomplish that function? How is 
energy introduced to the system and how is it dissi-
pated away from the system?

4. Consider the kinds of objects that must float in flu-
ids such as boats, jet skis, rafts, barges, and buoys. 
Why do they float? In what position or orientation 
do they float? Why do they maintain their orienta-
tion? The principles of buoyancy and stability are 
discussed in Chapter 5.

5. What examples can you think of where fluids at rest 
or in motion exert forces on an object? Any vessel 
containing a fluid under pressure should yield exam-
ples. Consider a swimming pool, a hydraulic cylin-
der, a dam or a retaining wall holding a fluid, a 
high-pressure washer system, a fire hose, wind dur-
ing a tornado or a hurricane, and water flowing 
through a turbine to generate power. What other 
examples can you think of? Chapters 4, 16, and  
17 discuss these cases.

■■ We will consider the energy possessed by the fluid 
because of its velocity, elevation, and pressure.

■■ Accounting for energy losses, additions, or purpose-
ful removals that occur as the fluid flows through the 
components of a fluid flow system enables you to  
analyze the performance of the system.

■■ A flowing fluid loses energy due to friction as it moves 
along a conduit and as it encounters obstructions (like 
in a control valve) or changes its direction (like in a 
pipe elbow).

■■ Energy can be added to a flowing fluid by pumps that 
create flow and increase the fluid’s pressure.

■■ Energy can be purposely removed by using it to drive a 
fluid motor, a turbine, or a hydraulic actuator.

■■ Measurements of fluid pressure, temperature, and the 
fluid flow rate in a system are critical to understanding 
its performance.

Exploration
Now let’s consider a variety of systems that use fluids 
and that illustrate some of the applications of concepts 
learned from this book. As you read this section, consider 
such factors as:

■■ The basic function or purpose of the system

■■ The kind of fluid or fluids that are in the system

■■ The kinds of containers for the fluid or the conduits 
through which it flows

■■ If the fluid flows, what causes the flow to occur? 
Describe the flow path.

■■ What components of the system resist the flow of the 
fluid?

■■ What characteristics of the fluid are important to the 
proper performance of the system?

1. In your home, you use water for many different pur-
poses such as drinking, cooking, bathing, cleaning, 
and watering lawns and plants. Water also eliminates 
wastes from the home through sinks, drains, and toi-
lets. Rain water, melting snow, and water in the 
ground must be managed to conduct it away from the 
home using gutters, downspouts, ditches, and sump 
pumps. Consider how the water is delivered to your 
home. What is the ultimate source of the water—a 
river, a reservoir, or natural groundwater? Is the 
water stored in tanks at some points in the process of 
getting it to your home? Notice that the water system 
needs to be at a fairly high pressure to be effective 
for its uses and to flow reliably through the system. 
How is that pressure created? Are there pumps in the 
system? Describe their function and how they oper-
ate. From where does each pump draw the water? To 
what places is the water delivered? What quantities 
of fluid are needed at the delivery points? What  

Fluid power
cylinder actuator Load

to be
moved

Conveyor
Piston

Pressure line

Direction
of fluid 
flow

Return line

Return
line

Fluid reservoir

Pump

FIGURE 1.2 Typical piping system for fluid power.
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 CHAPTER ONE The Nature of Fluids and the Study of Fluid Mechanics 3

6. Think of the many situations in which it is impor-
tant to measure the flow rate of fluid in a system 
or the total quantity of f luid delivered. Consider 
measuring the gasoline that goes into your car so 
you can pay for just what you get. The water com-
pany wants to know how much water you use in a 

There are many ways in which fluids affect your life. Completion of a fluid mechanics course using this book will help you understand 
how those fluids can be controlled. Studying this book will help you learn how to design and analyze fluid systems to determine the 
kind of components that should be used and their size.

given month. Fluids often must be metered care-
fully into production processes in a factory.  
Liquid medicines and oxygen delivered to a 
patient in a hospital must be measured continu-
ously for patient safety. Chapter 15 covers f low  
measurement.

1.1 LEARNING OBJECTIVES
After completing this chapter, you should be able to:

1. Differentiate between a gas and a liquid.

2. Define pressure.

3. Identify the units for the basic quantities of time, length, 
force, mass, and temperature in the SI metric unit sys-
tem and in the U.S. Customary unit system.

4. Properly set up equations to ensure consistency of units.

5. Define the relationship between force and mass.

6. Define density, specific weight, and specific gravity and 
the relationships among them.

7. Define surface tension.

1.2 BASIC INTRODUCTORY 
CONCEPTS

■■ Pressure Pressure is defined as the amount of force 
exerted on a unit area of a substance or on a surface. 
This can be stated by the equation

 p =
F
A

 (1–1)

Fluids are subjected to large variations in pressure de-
pending on the type of system in which they are used. 
Milk sitting in a glass is at the same pressure as the air 
above it. Water in the piping system in your home has 
a pressure somewhat greater than atmospheric pressure 
so that it will flow rapidly from a faucet. Oil in a fluid 
power system is typically maintained at high pressure 
to enable it to exert large forces to actuate construction 
equipment or automation devices in a factory. Gases such 
as oxygen, nitrogen, and helium are often stored in strong 
cylinders or spherical tanks under high pressure to permit 
rather large amounts to be held in a relatively small vol-
ume. Compressed air is often used in service stations and 
manufacturing facilities to operate tools or to inflate tires. 
More discussion about pressure is given in Chapter 3.

■■ Liquids and Gases Fluids can be either liquids or gases.
When a liquid is held in a container, it tends to take 
the shape of the container, covering the bottom and the 
sides. The top surface, in contact with the atmosphere 

above it, maintains a uniform level. As the container is 
tipped, the liquid tends to pour out.

When a gas is held under pressure in a closed con-
tainer, it tends to expand and completely fill the con-
tainer. If the container is opened, the gas tends to expand 
more and escape from the container.

While gases and liquids are similar in their ability 
to flow and fill containers, there is a key difference that 
is important in the study of fluid mechanics. Consider 
what happens to a liquid or a gas as the pressure on it 
is increased. If air, a gas, is trapped in a cylinder with a 
tight-fitting, movable piston inside it, you could com-
press the air fairly easily by pushing on the piston. In 
other words, if you push on the piston, the piston would 
move substantially because the volume of air changes 
with the change in pressure. If, on the other hand, a 
liquid such as water is in the cylinder, pushing on the 
piston would not result in any perceptible change in 
volume. In other words, the piston would not move no-
ticeably because you could not compress the liquid in 
the same way as the gas. You could apply a large force, 
which would increase the pressure in the water, but the 
volume of the water would change very little. This ob-
servation leads to the following general descriptions of 
liquids and gases that we will use in this book:

1. Gases are readily compressible.

2. Liquids are only slightly compressible.

More discussion on compressibility is given later in this 
chapter. We will deal mostly with liquids in this book.

■■ Weight and Mass An understanding of fluid properties 
requires a careful distinction between mass and weight. 
The following definitions apply:

Mass is the property of a body of fluid that is a 
measure of its inertia or resistance to a change in 
motion. It is also a measure of the quantity of fluid.

We use the symbol m for mass in this book.

Weight is the amount that a body of fluid weighs, 
that is, the force with which the fluid is attracted 
toward Earth by gravitation.

We use the symbol w for weight.
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4 CHAPTER ONE The Nature of Fluids and the Study of Fluid Mechanics

The relationship between weight and mass is dis-
cussed in Section 1.5 as we review the unit systems used 
in this book. You must be familiar with both the Interna-
tional System of Units, called SI, and the U.S. Custom-
ary System of units.

■■ Fluid Properties The latter part of this chapter presents 
other fluid properties: specific weight, density, specific 
gravity, and surface tension. Chapter 2 presents an 
additional property, viscosity, which is a measure of the 
ease with which a fluid flows. It is also important in 
determining the character of the flow of fluids and the 
amount of energy that is lost from a fluid flowing in a 
system as discussed in Chapters 8–13.

■■ Quantifying Physical Phenomena Technical systems 
require accurate accounting of properties and behaviors 
of physical phenomena. For many students, the course 
in fluid mechanics brings a new level of complexity 
with regard to tracking physical phenomena in equa-
tions, and greater care needs to be taken. Students 
should track units explicitly, using something like the 
unit cancellation method shown in Section 1.7, to 
ensure that the dimensions of all entities are appropri-
ate. Taking care with regard to units will ensure that 
pressure and force are kept separate, for example, and 
that specific gravity will not be confused with specific 
weight. Explicit and careful use of units in all calcula-
tions will aid in understanding and will greatly increase 
student success.

1.3 THE INTERNATIONAL 
SYSTEM OF UNITS (SI)

In any technical work the units in which physical properties 
are measured must be stated. A system of units specifies the 
units of the basic quantities of length, time, force, and mass. 
The units of other terms are then derived from these.

The ultimate reference for the standard use of metric 
units throughout the world is the International System of 
Units (Système International d’Unités), abbreviated as SI. In 
the United States, the standard is given in the 2008 publica-
tion of the National Institute of Standards and Technology 
(NIST), U.S. Department of Commerce, The International 
System of Units (SI) (NIST Special Publication 330), edited 
by Barry N. Taylor and Ambler Thompson (see Reference 
1). This is the standard used in this book.

The SI units for the basic quantities are as follows:

  length = meter (m)

  time = second (s)

  mass = kilogram (kg) or N # s2/m

  force = newton (N) or kg # m/s2

An equivalent unit for force is kg # m/s2 as indicated above. 
This is derived from the relationship between force and 
mass,

F = ma

where a is the acceleration expressed in units of m/s2 . There-
fore, the derived unit for force is

F = ma = kg # m/s2 = N

Thus, a force of 1.0 N would give a mass of 1.0 kg an accel-
eration of 1.0 m/s2. This means that either N or kg # m/s2 can 
be used as the unit for force. In fact, some calculations in 
this book require that you be able to use both or to convert 
from one to the other.

Similarly, besides using the kg as the standard unit 
mass, we can use the equivalent unit N # s2/m. This can be 
derived again from F = ma:

m =
F
a
=

N

m/s2 =
N # s2

m

Therefore, either kg or N # s2/m can be used for the unit of 
mass.

1.3.1 SI Unit Prefixes
Because the actual size of physical quantities in the study of 
fluid mechanics covers a wide range, prefixes are added to 
the basic quantities. Table 1.1 shows these prefixes. Stan-
dard usage in the SI system calls for only those prefixes 
varying in steps of 103 as shown. Results of calculations 
should normally be adjusted so that the number is between 
0.1 and 10 000 times some multiple of 103*. Then the 
proper unit with a prefix can be specified. Note that some 
technical professionals and companies in Europe often use 
the prefix centi, as in centimeters, indicating a factor of 
10-2. Some examples follow showing how quantities are 
given in this book.

* Because commas are used as decimal markers in many countries, we will 
not use commas to separate groups of digits. We will separate the digits into 
groups of three, counting both to the left and to the right from the decimal 
point, and use a space to separate the groups of three digits. We will not use 
a space if there are only four digits to the left or right of the decimal point 
unless required in tabular matter.

TABLE 1.1 SI unit prefixes

Prefix SI Symbol Factor

terra T 1012 = 1 000 000 000 000

giga G 109 = 1 000 000 000

mega M 106 = 1 000 000

kilo k 103 = 1 000

milli m 10-3 = 0.001

micro m 10-6 = 0.000 001

nano n 10-9 = 0.000 000 001

pico p 10-12 = 0.000 000 000 001
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 CHAPTER ONE The Nature of Fluids and the Study of Fluid Mechanics 5

1.4 THE U.S. CUSTOMARY 
SYSTEM

The SI convention discussed above is the most common 
throughout the world. The United States, however, continues 
to use a different system for much of its industry. Sometimes 
called the English gravitational unit system or the pound-
foot-second system, the U.S. Customary System defines the 
basic quantities as follows:

  length = foot (ft)

  time = second  (s)

  force = pound (lb)

  mass = slug or lb@s2/ft

Probably the most difficult of these units to understand is the 
slug because we are more familiar with measuring in terms 
of pounds, seconds, and feet. It may help to note the rela-
tionship between force and mass,

F = ma

where a is acceleration expressed in units of ft/s2. Therefore, 
the derived unit for mass is

m =
F
a
=

lb

ft/s2 =
lb@s2

ft
= slug

This means that you may use either slugs or lb@s2/ft for the 
unit of mass. In fact, some calculations in this book require 
that you be able to use both or to convert from one to the 
other.

1.5 WEIGHT AND MASS
A rigid distinction is made between weight and mass in this 
book. Weight is a force and mass is the quantity of a substance. 
We relate these two terms by applying Newton’s law of gravi-
tation stated as force equals mass times acceleration, or

F = ma

When we speak of weight w, we imply that the acceleration 
is equal to g, the acceleration due to gravity. Then Newton’s 
law becomes

■➭ Weight–mass relationship

 w = mg (1–2)

In this book, we will use g = 9.81 m/s2 in the SI system and 
g = 32.2 ft/s2 in the U.S. Customary System. These are the 
standard values on Earth for g to three significant digits. To 
a greater degree of precision, we have the standard  

values g = 9.806 65 m/s2 and g = 32.1740 ft/s2. For high- 
precision work and at high elevations (such as aerospace 
operations) where the actual value of g is different from the 
standard, the local value should be used.

1.5.1  Weight and Mass in the  
SI Unit System

For example, consider a rock with a mass of 5.60 kg sus-
pended by a wire. To determine what force is exerted on the 
wire, we use Newton’s law of gravitation (w = mg):

w = mg = mass * acceleration due to gravity

Under standard conditions, however, g = 9.81 m/s2. Then, 
we have

w = 5.60 kg * 9.81 m/s2 = 54.9 kg # m/s2 = 54.9 N

Thus, a 5.60 kg rock weighs 54.9 N.
We can also compute the mass of an object if we know 

its weight. For example, assume that we have measured the 
weight of a valve to be 8.25 N. What is its mass? We write

w = mg

m =
w
g

=
8.25 N

9.81 m/s2 =
0.841 N # s2

m
= 0.841 kg

1.5.2  Weight and Mass in the  
U.S. Customary Unit System

For an example of the weight–mass relationship in the U.S. 
Customary System, assume that we have measured the 
weight of a container of oil to be 84.6 lb. What is its mass? 
We write

w = mg

m = w>g = 84.6 lb>32.2 ft/s2 = 2.63 lb@s2/ft = 2.63 slugs

1.5.3  Mass Expressed as lbm 
(Pounds-Mass)

In the analysis of fluid systems, some professionals use the 
unit lbm (pounds-mass) for the unit of mass instead of the 
unit of slugs. In this system, an object or a quantity of fluid 
having a weight of 1.0 lb has a mass of 1.0 lbm. The pound-
force is then sometimes designated lbf. It must be noted that 
the numerical equivalence of lbf and lbm applies only when 
the value of g is equal to the standard value.

This system is avoided in this book because it is not a 
coherent system. When one tries to relate force and mass 
units using Newton’s law, one obtains

F = ma = lbm1ft/s22 = lbm@ft/s2

This is not the same as the lbf.
To overcome this difficulty, a conversion constant, com-

monly called gc, is defined having both a numerical value 
and units. That is,

gc =
32.2 lbm

lbf/(ft/s2)
=

32.2 lbm@ft/s2

lbf

Computed 
Result Reported Result

0.004 23 m 4.23 * 10-3 m, or 4.23 mm (millimeters)

15 700 kg 15.7 * 103 kg, or 15.7 Mg (megagrams)

86 330 N 86.33 * 103 N, or 86.33 kN (kilonewtons)
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6 CHAPTER ONE The Nature of Fluids and the Study of Fluid Mechanics

Then, to convert from lbm to lbf, we use a modified form of 
Newton’s law:

F = m(a>gc)

Letting the acceleration a = g, we find

F = m(g>gc)

For example, to determine the weight of material in lbf 
that has a mass of 100 lbm, and assuming that the local value 
of g is equal to the standard value of 32.2 ft/s2, we have

w = F = m 
g
gc

= 100 lbm
32.2 ft/s2

32.2 lbm@ft/s2

lbf

= 100 lbf

This shows that weight in lbf is numerically equal to mass in 
lbm provided g = 32.2 ft/s2 .

If the analysis were to be done for an object or fluid on 
the Moon, however, where g is approximately 1/6 of that on 
Earth, 5.4 ft/s2, we would find

w = F = m 
g
gc

= 100 lbm
5.4 ft/s2

32.2 lbm@ft/s2

lbf

= 16.8 lbf

This is a dramatic difference.
In summary, because of the cumbersome nature of the 

relationship between lbm and lbf, we avoid the use of lbm in 
this book. Mass will be expressed in the unit of slugs when 
problems are in the U.S. Customary System of units.

1.6 TEMPERATURE
Temperature is most often indicated in °C (degrees Celsius) 
or °F (degrees Fahrenheit). You are probably familiar with 
the following values at sea level on Earth:

Water freezes at 0°C and boils at 100°C.

Water freezes at 32°F and boils at 212°F.

Thus, there are 100 Celsius degrees and 180 Fahrenheit 
degrees between the same two physical data points, and 1.0 
Celsius degree equals 1.8 Fahrenheit degrees exactly. From 
these observations we can define the conversion procedures 
between these two systems as follows:

Given the temperature TF in °F, the temperature TC in °C is

TC = (TF - 32)>1.8

Given the temperature TC in °C, the temperature TF in °F is

TF = 1.8TC + 32

For example, given TF = 180°F, we have

TC = (TF - 32)>1.8 = (180 - 32)>1.8 = 82.2°C

Given TC = 33°C, we have

TF = 1.8TC + 32 = 1.8(33) + 32 = 91.4°F

In this book we will use the Celsius scale when problems are 
in SI units and the Fahrenheit scale when they are in U.S. 
Customary units.

1.6.1 Absolute Temperature
The Celsius and Fahrenheit temperature scales were 
defined according to arbitrary reference points, although 
the Celsius scale has convenient points of reference to the 
properties of water. The absolute temperature, on the other 
hand, is defined so the zero point corresponds to the condi-
tion where all molecular motion stops. This is called  
absolute zero.

In the SI unit system, the standard unit of temperature is 
the kelvin, for which the standard symbol is K and the refer-
ence (zero) point is absolute zero. Note that there is no 
degree symbol attached to the symbol K. The interval 
between points on the kelvin scale is the same as the interval 
used for the Celsius scale. Measurements have shown that 
the freezing point of water is 273.15 K above absolute zero. 
We can then make the conversion from the Celsius to the 
kelvin scale by using

TK = TC + 273.15

For example, given TC = 33°C, we have

TK = TC + 273.15 = 33 + 273.15 = 306.15 K

It has also been shown that absolute zero on the Fahrenheit 
scale is at -459.67°F. In some references you will find 
another absolute temperature scale called the Rankine scale, 
where the interval is the same as for the Fahrenheit scale. 
Absolute zero is 0°R and any Fahrenheit measurement can 
be converted to °R by using

TR = TF + 459.67

Also, given the temperature in °F, we can compute the abso-
lute temperature in K from

TK = (TF + 459.67)>1.8 = TR>1.8

For example, given TF = 180°F, the absolute temperature in 
K is

 TK =  (TF +  459.67)>1.8 = (180 + 459.67)>1.8

 = (639.67°R)>1.8 = 355.37 K

1.7 CONSISTENT UNITS  
IN AN EQUATION

The analyses required in fluid mechanics involve the alge-
braic manipulation of several terms. The equations are often 
complex, and it is extremely important that the results be 
dimensionally correct. That is, they must have their proper 
units. Indeed, answers will have the wrong numerical value 
if the units in the equation are not consistent. Table 1.2 sum-
marizes standard and other common units for the quantities 
used in fluid mechanics.

A simple straightforward procedure called unit cancel-
lation will ensure proper units in any kind of calculation, not 
only in fluid mechanics but also in virtually all your techni-
cal work. The six steps of the procedure are listed  
subsequently.
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Unit-Cancellation Procedure

1. Solve the equation algebraically for the desired term.

2. Decide on the proper units for the result.

3. Substitute known values, including units.

4. Cancel units that appear in both the numerator and the 
denominator of any term.

5. Use conversion factors to eliminate unwanted units and 
obtain the proper units as decided in Step 2.

6. Perform the calculation.

This procedure, properly executed, will work for any 
equation. It is really very simple, but some practice may be 
required to use it. We are going to borrow some material 
from elementary physics, with which you should be familiar, 
to illustrate the method. However, the best way to learn how 
to do something is to do it. The following example problems 

are presented in a form called programmed instruction. You 
will be guided through the problems in a step-by-step fash-
ion with your participation required at each step.

To proceed with the program, you should cover all 
material under the heading Programmed Example Problem, 
using an opaque sheet of paper or a card. You should have a 
blank piece of paper handy on which to perform the 
requested operations. Then successively uncover one panel 
at a time down to the heavy line that runs across the page. 
The first panel presents a problem and asks you to perform 
some operation or to answer a question. After doing what is 
asked, uncover the next panel, which will contain informa-
tion that you can use to check your result. Then continue 
with the next panel, and so on through the program.

Remember, the purpose of this is to help you learn how 
to get correct answers using the unit-cancellation method. 
You may want to refer to the table of conversion factors in 
Appendix K.

TABLE 1.2 Units for common quantities used in fluid mechanics in SI units and U.S. Customary units

Quantity
Basic  

Definition
Standard  
SI Units

Other Metric Units 
Often Used

Standard  
U.S. Units

Other U.S. Units 
Often Used

Length (L) — meter (m) millimeter (mm);  
kilometer (km)

foot (ft) inch (in);  
mile (mi)

Time — second (s) hour (h);  
minute (min)

second (s) hour (h);  
minute (min)

Mass (m) Quantity of a  
substance

kilogram (kg) N # s2/m slug lb # s2/ft

Force (F ) or weight (w ) Push or pull  
on an object

newton (N) kg # m/s2 pound (lb) kip (1000 lb)

Pressure (p) Force/area N/m2 or pascal (Pa) kilopascals  
(kPa); bar

lb/ft2 or psf lb/in2 or psi; 
kip/in2 or ksi

Energy Force times distance N # m or Joule (J) kg # m2/s2 lb # ft lb # in
Power (P) Energy/time watt (W) or N # m/s or J/s kilowatt (kW) lb # ft/s horsepower (hp)

Volume (V ) L3 m3 liter (L) ft3 gallon (gal)

Area (A) L2 m2 mm2 ft2 in2

Volume flow rate (Q) V/time m3/s L/s; L/min; m3/h ft3/s or cfs gal/min 1gpm2; 
ft3/min 1cfm2

Weight flow rate (W ) w /time N/s kN/s; kN/min lb/s lb/min; lb/h

Mass flow rate (M) m /time kg/s kg /h slugs/s slugs/min; slugs/h

Specific weight (g) w/V N/m3 or kg/m2·s2 lb/ft3

Density (r) m/V kg/m3 or N # s2/m4 slugs/ft3

PROGRAMMED EXAMPLE PROBLEM

Example Problem  
1.1

Imagine you are traveling in a car at a constant speed of 80 kilometers per hour (km/h). How many 
seconds (s) would it take to travel 1.5 km?

For the solution, use the equation

 s = yt

where s is the distance traveled, y is the speed, and t is the time. Using the unit-cancellation procedure 
outlined above, what is the first thing to do?
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The first step is to solve for the desired term. Because you were asked to find time, you should 
have written

t =
s
y

Now perform Step 2 of the procedure described above.

Step 2 is to decide on the proper units for the result, in this case time. From the problem statement 
the proper unit is seconds. If no specification had been given for units, you could choose any acceptable 
time unit such as hours.

Proceed to Step 3.

The result should look something like this:

t =
s
y
=

1.5 km
80 km/h

For the purpose of cancellation, it is not convenient to have the units in the form of a compound 
fraction as we have above. To clear this to a simple fraction, write it in the form

t =

1.5 km
1

80 km
h

This can be reduced to

t =
1.5 km # h

80 km
After some practice, equations may be written in this form directly. Now perform Step 4 of the 
procedure.

The result should now look like this:

t =
1.5 km # h

80 km
This illustrates that units can be cancelled just as numbers can if they appear in both the numerator and 
the denominator of a term in an equation.

Now do Step 5.

The answer looks like this:

t =
1.5 km # h

80 km
*

3600 s
1 h

The equation in the preceding panel showed the result for time in hours after kilometer units were can-
celled. Although hours is an acceptable time unit, our desired unit is seconds as determined in Step 2. 
Thus, the conversion factor 3600 s/1 h is required.

How did we know we have to multiply by 3600 instead of dividing?

The units determine this. Our objective in using the conversion factor was to eliminate the hour unit 
and obtain the second unit. Because the unwanted hour unit was in the numerator of the original equa-
tion, the hour unit in the conversion factor must be in the denominator in order to cancel.

Now that we have the time unit of seconds, we can proceed with Step 6.

The correct answer is t = 67.5 s .
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■■ Pressure acts uniformly in all directions on a small  
volume of a fluid.

■■ In a fluid confined by solid boundaries, pressure acts 
perpendicular to the boundary.

These principles, sometimes called Pascal’s laws, are illus-
trated in Figs. 1.3 and 1.4.

Using Eq. (1–3) and the second of Pascal’s laws, we can 
compute the magnitude of the pressure in a fluid if we know 
the amount of force exerted on a given area.

1.8 THE DEFINITION  
OF PRESSURE

Pressure is defined as the amount of force exerted on a unit 
area of a substance. This can be stated by the equation

■➭ Pressure

 p =
F
A

 (1–3)

Two important principles about pressure were described by 
Blaise Pascal, a seventeenth-century scientist:

Fluid surfaceFIGURE 1.3 Pressure acting uniformly in 
all directions on a small volume of fluid.

(a) Furnace duct (b) Pipe or tube (c) Heat exchanger
(a pipe inside

  another pipe)

(d) Reservoir

(e) Swimming pool (f) Dam (g) Fluid power
cylinder

FIGURE 1.4 Direction of fluid 
pressure on boundaries.
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