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Preface

General Approach

The book is intended for an undergraduate engineering course in fluid mechanics. The
principles considered in the book are fundamental and have been well established in
the community of fluids engineering. However, in presenting this important subject,
we have drawn on our own ideas and experience. There is plenty of material for a
full year of instruction, and the content can also easily be divided into two semesters
of teaching. There have been some additions and deletions in this ninth edition of
Fluid Mechanics, but no philosophical change. There are still eleven chapters, plus
appendices. The informal, student-oriented style is retained and, if it succeeds, has
the flavor of an interactive lecture by the authors.

New co-author Dr. Henry Xue was brought on board for this edition.

Learning Tools
The total number of problem exercises continues to increase, from 1089 in the first
edition, to 1681 in the ninth edition. Most of these are basic end-of-chapter problems,
sorted according to topic. There are also Word Problems, multiple-choice Fundamen-
tals of Engineering Problems, Comprehensive Problems, and Design Projects. Answers
to Selected Problems, at the end of the book, provides the answers to approximately
700 end-of-chapter problems.

In addition, there are many example problems throughout the chapters that show-
case the recommended sequence of problem-solving steps outlined in Section 1.7.

Most of the problems in this text can be solved with a hand calculator. Some can
even be simply explained in words. A few problems, especially in Chapters 6, 7, 9,
and 10, involve solving complicated algebraic expressions, that would be laborious
for hand calculation but can be much more easily handled using licensed equation-
solving software. The authors have provided examples of how to solve complicated
example problems using Microsoft Excel, as illustrated in Example 6.5. Excel contains
several hundred special mathematical functions for performing engineering and sta-
tistics calculations.

Content Changes
The overall content and order of presentation have not changed substantially in this
edition except for the following:

Xi



Xii
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Chapter 1 renames Section 1.5 “System and Control VVolume.” Definitions of system
and control volume, which formerly were scattered over many chapters, are now con-
solidated in this section. A new subheading, “Methods of Description,” has been added.
The Lagrangian and Eulerian methods of description have been moved here from Chap-
ter 4. Discussions of velocity and acceleration fields are retained as examples of using
the control volume approach with the Eulerian method of description. The section
“Flow Patterns: Streamlines, Streaklines, and Pathlines,” formerly Section 1.9, has been
moved forward as Section 1.8 for better continuity in the introduction of fluid and flow
systems. A new subsection, “Integral and Differential Approaches,” has been added to
the new Section 1.9, “Basic Flow Analysis Techniques.”

Chapter 2 edits descriptions in Section 2.4, “Application to Mamometry,” using the
methods of “pressure increasing downward” and “jump across” typically. The coordi-
nates for Figure 2.2 have been reset to be consistent with Figure 2.1. Figure 2.12 has
been replaced with a new figure to better illustrate the pressure distribution on a
submerged surface.

Chapter 3 adds three subheadings to elaborate areas where the linear momentum
equation can be applied. Example 3.7 has been rewritten to better demonstrate how to
solve the anchoring forces on a piping elbow. Brief discussions have been added to
examples of the sluice gate and impinging jet with relative velocity for an inertial, mov-
ing, and nondeforming control volume.

Chapter 4 adds the constant heat flux boundary condition to the energy equation.
Inlet and outlet boundary conditions are separated because the free-flow conditions are
more common at the outlet. New Example 4.10 investigates the rotation of a Couette
flow and a “potential vortex” flow.

Chapter 5 carries the topics of Section 5.2—the choice of variables and scaling
parameters—into Section 5.3 to make it easier for students to follow the arguments.
The topic “Some Peculiar Engineering Equations” has been removed from Section 5.2
because most of those equations will be introduced in Chapter 10.

In Chapter 6, Section 6.2 has been retitled “Internal Viscous Flow.” Brief discussions
have been added to four types of pipe flow problems to guide students in applying
appropriate strategies for designing pipe systems.

In Chapter 7, the discussion in the section “Transition to Turbulence” in Section 7.4
has been improved. The classification of external flow is elaborated. Former Section
7.6 has been split into two sections: “Drag” and “Forces on Lifting Bodies.” The meth-
odology for solving an external flow problem is summarized.

An entire section of Chapter 8 on numerical methods, including problem exercises,
has been moved to new Appendix F. The vast majority of universities do not cover
numerical methods in a fundamental fluid mechanics course. Because the CFD methods
are becoming a powerful tool for solving almost all problems of fluid flow, it was also
inappropriate to place that topic at the end of this chapter. A new example of a free
vortex has been added to Section 8.2.

Chapter 9 clarifies why we can simplify compressible flow as one-dimensional
isentropic flow. Section 9.3 explains the identity of the momentum equation and the
energy equation for isentropic flows. Discussions have been added regarding how to
use the variables of stagnation pressure, density, and throat area after the shock wave
in calculation.
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Chapter 10 improves the physical interpretation of the Froude number in Section
10.1. There is a new subsection “Effects of Froude Number.” The need to maximize
the hydraulic radius in order to achieve an efficient channel is elaborated in Section
10.3.

Chapter 11 elaborates further on pump performance curves. New Figure 11.18a
illustrates the derivation for the system head. The data for worldwide wind power capac-
ity have been updated.

Appendices A to E remain unchanged. The new Appendix F, “Numerical Methods,”
presents text that formerly was in Chapter 8. This will continue to serve instructors who
use this material for introducing the CFD methods to their students.

Additionally, this title is supported by SmartBook, a feature of the LearnSmart
adaptive learning system that assesses student understanding of course content through
a series of adaptive questions. This platform has provided feedback from thousands
of students, identifying those specific portions of the text that have resulted in the
greatest conceptual difficulty and comprehension among students. For the ninth edi-
tion, the entire text was reviewed and revised based on this LearnSmart student data.

Instructor Resources

A number of supplements are available to instructors through Connect. New to this
edition are Lecture PowerPoints to accompany the text. Additionally, instructors may
obtain the text images in PowerPoint format and the full Solutions Manual. The solu-
tions manual provides complete and detailed solutions, including problem statements
and artwork, to the end-of-chapter problems.

Remote Proctoring and Browser-Locking Capabilities

New remote proctoring and browser-locking capabilities, hosted by Proctorio within
Connect, provide control of the assessment environment by enabling security options
and verifying the identity of the student.

Seamlessly integrated within Connect, these services allow instructors to control
students’ assessment experience by restricting browser activity, recording students’
activity, and verifying students are doing their own work.

Instant and detailed reporting gives instructors an at-a-glance view of potential
academic integrity concerns, thereby avoiding personal bias and supporting evidence-
based claims.

Writing Assignment

Available within McGraw-Hill Connect®, the Writing Assignment tool delivers a learn-
ing experience to help students improve their written communication skills and concep-
tual understanding. As an instructor you can assign, monitor, grade, and provide feedback
on writing more efficiently and effectively.
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Falls on the Nesowadnehunk Stream in Baxter State Park, Maine, which is the northern
terminus of the Appalachian Trail. Such flows, open to the atmosphere, are driven simply
by gravity and do not depend much upon fluid properties such as density and viscosity.
They are discussed later in Chap. 10. To the writer, one of the joys of fluid mechanics is
that visualization of a fluid flow process is simple and beautiful [Robert Cable/Natural
Selection/Design Pics].



Chapter 1
Introduction

1.1 Preliminary Remarks

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

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

The second obstacle to a workable theory is the action of viscosity, which can
be neglected only in certain idealized flows (Chap. 8). First, viscosity increases
the difficulty of the basic equations, although the boundary-layer approximation
found by Ludwig Prandtl in 1904 (Chap. 7) has greatly simplified viscous-flow
analyses. Second, viscosity has a destabilizing effect on all fluids, giving rise, at
frustratingly small velocities, to a disorderly, random phenomenon called turbu-
lence. The theory of turbulent flow is crude and heavily backed up by experiment
(Chap. 6), yet it can be quite serviceable as an engineering estimate. This textbook
only introduces the standard experimental correlations for turbulent time-mean
flow. Meanwhile, there are advanced texts on both time-mean turbulence and

"Numbered references appear at the end of each chapter.



4 Chapter 1 Introduction

turbulence modeling [5, 6] and on the newer, computer-intensive direct numerical
simulation (DNS) of fluctuating turbulence [7, 8].

Thus there is theory available for fluid flow problems, but in all cases it should
be backed up by experiment. Often the experimental data provide the main source
of information about specific flows, such as the drag and lift of immersed bodies
(Chap. 7). Fortunately, fluid mechanics is a highly visual subject, with good
instrumentation [9-11], and the use of dimensional analysis and modeling con-
cepts (Chap. 5) is widespread. Thus experimentation provides a natural and easy
complement to the theory. You should keep in mind that theory and experiment
should go hand in hand in all studies of fluid mechanics.

1.2 The Concept of a Fluid

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

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

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

By contrast, the liquid and gas at rest in Fig. 1.1 require the supporting walls
in order to eliminate shear stress. The walls exert a compression stress of —p and
reduce Mohr’s circle to a point with zero shear everywhere—that is, the hydro-
static condition. The liquid retains its volume and forms a free surface in the
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Fig. 1.1 A solid at rest can resist shear. (a) Static deflection of the solid; (b) equilibrium
and Mohr’s circle for solid element A. A fluid cannot resist shear. (c) Containing walls are
needed; (d) equilibrium and Mohr’s circle for fluid element A.

container. If the walls are removed, shear develops in the liquid and a big splash
results. If the container is tilted, shear again develops, waves form, and the free
surface seeks a horizontal configuration, pouring out over the lip if necessary.
Meanwhile, the gas is unrestrained and expands out of the container, filling all
available space. Element A in the gas is also hydrostatic and exerts a compression
stress —p on the walls.

In the previous discussion, clear decisions could be made about solids, liquids,
and gases. Most engineering fluid mechanics problems deal with these clear
cases—that is, the common liquids, such as water, oil, mercury, gasoline, and
alcohol, and the common gases, such as air, helium, hydrogen, and steam, in their
common temperature and pressure ranges. There are many borderline cases, how-
ever, of which you should be aware. Some apparently “solid” substances such as
asphalt and lead resist shear stress for short periods but actually deform slowly
and exhibit definite fluid behavior over long periods. Other substances, notably
colloid and slurry mixtures, resist small shear stresses but “yield” at large stress
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and begin to flow as fluids do. Specialized textbooks are devoted to this study
of more general deformation and flow, a field called rheology [16]. Also, liquids
and gases can coexist in two-phase mixtures, such as steam-water mixtures or
water with entrapped air bubbles. Specialized textbooks present the analysis of
such multiphase flows [17]. Finally, in some situations the distinction between a
liquid and a gas blurs. This is the case at temperatures and pressures above the
so-called critical point of a substance, where only a single phase exists, primar-
ily resembling a gas. As pressure increases far above the critical point, the gaslike
substance becomes so dense that there is some resemblance to a liquid, and the
usual thermodynamic approximations like the perfect-gas law become inaccurate.
The critical temperature and pressure of water are T, = 647 K and p, = 219 atm
(atmosphere)? so that typical problems involving water and steam are below the
critical point. Air, being a mixture of gases, has no distinct critical point, but its
principal component, nitrogen, has T, = 126 K and p, = 34 atm. Thus typical
problems involving air are in the range of high temperature and low pressure
where air is distinctly and definitely a gas. This text will be concerned solely
with clearly identifiable liquids and gases, and the borderline cases just discussed
will be beyond our scope.

1.3 The Fluid as a Continuum

We have already used technical terms such as fluid pressure and density without
a rigorous discussion of their definition. As far as we know, fluids are aggrega-
tions of molecules, widely spaced for a gas, closely spaced for a liquid. The
distance between molecules is very large compared with the molecular diameter.
The molecules are not fixed in a lattice but move about freely relative to each
other. Thus fluid density, or mass per unit volume, has no precise meaning
because the number of molecules occupying a given volume continually changes.
This effect becomes unimportant if the unit volume is large compared with, say,
the cube of the molecular spacing, when the number of molecules within the
volume will remain nearly constant in spite of the enormous interchange of par-
ticles across the boundaries. If, however, the chosen unit volume is too large,
there could be a noticeable variation in the bulk aggregation of the particles. This
situation is illustrated in Fig. 1.2, where the “density” as calculated from molec-
ular mass dm within a given volume 6 is plotted versus the size of the unit
volume. There is a limiting volume 6 * below which molecular variations may
be important and above which aggregate variations may be important. The density
p of a fluid is best defined as

. dm
p= 69'1”5]9* 59 (1.1)
The limiting volume & * is about 10~° mm® for all liquids and for gases at
atmospheric pressure. For example, 10™° mm?® of air at standard conditions con-
tains approximately 3 x 10" molecules, which is sufficient to define a nearly
constant density according to Eq. (1.1). Most engineering problems are concerned

%0One atmosphere equals 2116 Ibf/ft? = 101,300 Pa.



Fig. 1.2 The limit definition of
continuum fluid density: (a) an
elemental volume in a fluid region
of variable continuum density;

(b) calculated density versus size
of the elemental volume.
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with physical dimensions much larger than this limiting volume, so that density
is essentially a point function and fluid properties can be thought of as varying
continually in space, as sketched in Fig. 1.2a. Such a fluid is called a continuum,
which simply means that its variation in properties is so smooth that differential
calculus can be used to analyze the substance. We shall assume that continuum
calculus is valid for all the analyses in this book. Again there are two borderline
cases for gases. One is at such low pressures that molecular spacing and mean
free path® are comparable to, or larger than, the physical size of the system.
Applications include vacuum engineering, aero-thermal analysis and design of
spacecrafts, satellites, missiles, etc., flying at high altitudes. The non-continuum
effects also become significant when system length scales reduce to microscopi-
cally small. Applications with microscopic length scales are becoming increas-
ingly common since the advent of Micro-Electro-Mechanical Systems (MEMS)
and nano devices, where the characteristic length of the system decreases to a
magnitude of sub-micron or nanometer. Both cases require that the continuum
approximation be dropped in favor of a molecular theory of rarefied gas flow
[18]. In principle, all fluid mechanics problems can be attacked from the molec-
ular viewpoint, but no such attempt will be made here. Note that the use of
continuum calculus does not preclude the possibility of discontinuous jumps in
fluid properties across a free surface or fluid interface or across a shock wave in
a compressible fluid (Chap. 9). Our calculus in analyzing fluid flow must be
flexible enough to handle discontinuous boundary conditions.

1.4 Dimensions and Units

A dimension is the measure by which a physical variable is expressed quantita-
tively. A unit is a particular way of attaching a number to the quantitative dimen-
sion. Thus length is a dimension associated with such variables as distance,
displacement, width, deflection, and height, while centimeters and inches are both
numerical units for expressing length. Dimension is a powerful concept about
which a splendid tool called dimensional analysis has been developed (Chap. 5),
while units are the numerical quantity that the customer wants as the final answer.

*The mean distance traveled by molecules between collisions (see Prob. P1.5).
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Table 1.1 Primary Dimensions in Sl and BG Systems

Primary dimension Sl unit BG unit Conversion factor
Mass {M} Kilogram (kg) Slug 1 slug = 14.5939 kg
Length {L} Meter (m) Foot (ft) 1ft =0.3048 m
Time {T} Second (s) Second (S) ls=1s
Temperature {O} Kelvin (K) Rankine (°R) 1K=18R

In 1872 an international meeting in France proposed a treaty called the Metric
Convention, which was signed in 1875 by 17 countries including the United
States. It was an improvement over British systems because its use of base 10 is
the foundation of our number system, learned from childhood by all. Problems
still remained because even the metric countries differed in their use of kiloponds
instead of dynes or newtons, kilograms instead of grams, or calories instead of
joules. To standardize the metric system, a General Conference of Weights and
Measures, attended in 1960 by 40 countries, proposed the International System
of Units (SI). We are now undergoing a painful period of transition to Sl, an
adjustment that may take many more years to complete. The professional societ-
ies have led the way. Since July 1, 1974, Sl units have been required by all papers
published by the American Society of Mechanical Engineers, and there is a text-
book explaining the SI [19]. The present text will use SI units together with
British gravitational (BG) units.

Primary Dimensions

In fluid mechanics there are only four primary dimensions from which all other
dimensions can be derived: mass, length, time, and temperature.* These dimen-
sions and their units in both systems are given in Table 1.1. Note that the Kelvin
unit uses no degree symbol. The braces around a symbol like {M} mean “the
dimension” of mass. All other variables in fluid mechanics can be expressed in
terms of {M}, {L}, {T}, and {©}. For example, acceleration has the dimensions
{LT?}. The most crucial of these secondary dimensions is force, which is directly
related to mass, length, and time by Newton’s second law. Force equals the time
rate of change of momentum or, for constant mass,

F=ma (1.2)
From this we see that, dimensionally, {F} = {MLT ~2}.

The International System (SI)

The use of a constant of proportionality in Newton’s law, Eq. (1.2), is avoided
by defining the force unit exactly in terms of the basic units. In the SI system,
the basic units are kilograms {M}, meters {L}, and seconds {T}. We define

1 newton of force = 1N = 1 kg - 1 m/s®

*If electromagnetic effects are important, a fifth primary dimension must be included, electric
current {I}, whose Sl unit is the ampere (A).
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The newton is a relatively small force, about the weight of an apple (0.225 Ibf).
In addition, the basic unit of temperature {©@} in the Sl system is the degree
Kelvin, K. They are referred to as the MLTO system of dimension. Use of these
Sl units (kg, m, s, K) will require no conversion factors in our equations.

The British Gravitational (BG) System

In the BG system also, a constant of proportionality in Eqg. (1.2) is avoided by
defining the force unit exactly in terms of the basic units. In the BG system, the
basic units are pound-force {F}, feet {L}, and seconds {T}. We define

1 pound of force = 1 Ibf = 1 slug - 1 ft/s

One Ibf = 4.4482 N and approximates the weight of four apples. We will use
the abbreviation Ibf for pound-force and Ibm for pound mass. The slug is a
rather hefty mass, equal to 32.174 Ibm. The basic unit of temperature {O} in
the BG system is the degree Rankine, °R. Recall that a temperature difference
1 K = 1.8°R. They are referred to as the FLTO system of dimension. Use of
these BG units (Ibf, ft, s, °R) will require no conversion factors in our equations.

Other Unit Systems
There are other unit systems still in use. At least one needs no proportionality
constant: the CGS system (dyne, gram, cm, s, K). However, CGS units are too
small for most applications (1 dyne = 10 N) and will not be used here.

In the USA, some still use the English Engineering system (Ibf, Ibm, ft, s, °R),
where the basic mass unit is the pound of mass. Newton’s law (1.2) must be rewritten:

F=" where g, = 32074 20

gc Ibf - s

The constant of proportionality, g., has both dimensions and a numerical value

not equal to 1.0. The present text uses only the Sl and BG systems and will not

solve problems or examples in the English Engineering system. Because Ameri-

cans still use them, a few problems in the text will be stated in truly awkward

units: acres, gallons, ounces, or miles. Your assignment will be to convert these
and solve in the SI or BG systems.

(1.3)

The Principle of Dimensional Homogeneity

In engineering and science, all equations must be dimensionally homogeneous,
that is, each additive term in an equation must have the same dimensions. For
example, take Bernoulli’s incompressible equation, to be studied and used
throughout this text:

1
P+ pV? + pgZ = constant
Each and every term in this equation must have dimensions of pressure {ML™T ~?}.

We will examine the dimensional homogeneity of this equation in detail in Exam-
ple 1.3.
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Table 1.2 Secondary Dimensions in Fluid Mechanics

Secondary dimension Sl unit BG unit Conversion factor
Area {L%} m? ft2 1 m? = 10.764 ft*

Volume {L*} m® ftt 1m®=35315 ft

Velocity {LT ™} m/s ft/s 1 ft/s = 0.3048 m/s
Acceleration {LT %} m/s? ft/s? 1 ft/s?> = 0.3048 m/s?

Pressure or stress {ML™*T™?}  Pa= N/m?>  Ibf/ft’ 1 Ibf/ft* = 47.88 Pa

Angular velocity {T 7} st st 1st=15s"

Energy, heat, work {ML*T™?} J=N-m ft - Ibf 1 ft - Ibf = 1.3558 J

Power {ML?T %} W =Js ft - Ibf/s 1 ft - Ibf/s = 1.3558 W

Density {ML™%} kg/m® slugs/ft® 1 slug/ft® = 515.4 kg/m?
Viscosity {ML™*T "} kg/(m - s) slugs/(ft - s) 1 slug/(ft - s) = 47.88 kg/(m - s)
Specific heat {L’T 207"} mi(s? - K)  ft(s® - °R) 1 m¥(s® - K) = 5.980 ft%(s? - °R)

A list of some important secondary variables in fluid mechanics, with dimen-
sions derived as combinations of the four primary dimensions, is given in
Table 1.2. A more complete list of conversion factors is given in App. C.

EXAMPLE 1.1

A body weighs 1000 Ibf when exposed to a standard earth gravity g = 32.174 ft/s>.
(a) What is its mass in kg? (b) What will the weight of this body be in N if it is
exposed to the moon’s standard acceleration gmeon = 1.62 m/s?? (c) How fast will the
body accelerate if a net force of 400 Ibf is applied to it on the moon or on the earth?

Solution

We need to find the (a) mass; (b) weight on the moon; and (c) acceleration of this body.
This is a fairly simple example of conversion factors for differing unit systems. No prop-
erty data is needed. The example is too low level for a sketch.

Part (a)
Newton’s law (1.2) holds with known weight and gravitational acceleration. Solve for m:
1000 Ibf
F =W =1000 Ibf = mg = (m)(32.174 f/s?), or m=_———— =31.08 slugs
32.174 ft/s
Convert this to kilograms:
m = 31.08 slugs = (31.08 slugs) (14.5939 kg/slug) = 454 kg Ans. (a)

Part (b)

The mass of the body remains 454 kg regardless of its location. Equation (1.2) applies
with a new gravitational acceleration and hence a new weight:

F = Wioon = MOmoon = (454 kg) (1.62 m/s?) = 735 N = 165 Ibf Ans. (b)
Part (c)

This part does not involve weight or gravity or location. It is simply an application of
Newton’s law with a known mass and known force:

F = 400 Ibf = ma = (31.08 slugs) a
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Solve for

400 Ibf ft m m
=———=1287— ,0.3048 — =392~ Ans.
4= 31.08 slugs s2 C ft) 2 ns. (©)

Comment (c): This acceleration would be the same on the earth or moon or anywhere.

Many data in the literature are reported in inconvenient or arcane units suitable
only to some industry or specialty or country. The engineer should convert these
data to the SI or BG system before using them. This requires the systematic
application of conversion factors, as in the following example.

EXAMPLE 1.2

Industries involved in viscosity measurement [27, 29] continue to use the CGS system
of units, since centimeters and grams yield convenient numbers for many fluids. The
absolute viscosity (W) unit is the poise, named after J. L. M. Poiseuille, a French phy-
sician who in 1840 performed pioneering experiments on water flow in pipes; 1 poise
=1 g/(cm-s). The kinematic viscosity (v) unit is the stokes, named after G. G. Stokes,
a British physicist who in 1845 helped develop the basic partial differential equations of
fluid momentum; 1 stokes = 1 cm?/s. Water at 20°C has p = 0.01 poise and also v =
0.01 stokes. Express these results in (a) SI and (b) BG units.

Solution

Part (a)

- Approach: Systematically change grams to kg or slugs and change centimeters to
meters or feet.

- Property values: Given u = 0.01 g/(cm-s) and v = 0.01 cm?/s.

- Solution steps: (@) For conversion to Sl units,

p=0.01 cmg- 5 =001 % = 0.001 mk—gs
v =0.01 %mz =0.01 M = 0.000001 m; Ans. (a)
Part (b)
- For conversion to BG units
b =001 g =00 oy O
v = 0.01 chz =0.01 sz(O'OI m/cm):(l f0.3048 m)2 = 0.0000108 ﬁ; Ans. (b)

- Comments: This was a laborious conversion that could have been shortened by
using the direct viscosity conversion factors in App. C or the inside front cover. For
example, Pgg = Wg/47.88.
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We repeat our advice: Faced with data in unusual units, convert them imme-
diately to either SI or BG units because (1) it is more professional and (2) theo-
retical equations in fluid mechanics are dimensionally consistent and require no
further conversion factors when these two fundamental unit systems are used, as
the following example shows.

EXAMPLE 1.3

A useful theoretical equation for computing the relation between pressure, velocity, and
altitude in a steady flow of a nearly inviscid, nearly incompressible fluid with negli-
gible heat transfer and shaft work® is the Bernoulli relation, named after Daniel
Bernoulli, who published a hydrodynamics textbook in 1738:

Po =P +3pV> + pgZ 1)

where p, = stagnation pressure
p = pressure in moving fluid

V = velocity
p = density
Z = altitude

g = gravitational acceleration

(a) Show that Eq. (1) satisfies the principle of dimensional homogeneity, which states
that all additive terms in a physical equation must have the same dimensions. (b) Show
that consistent units result without additional conversion factors in Sl units. (c) Repeat
(b) for BG units.

Solution

Part (a)

We can express Eq. (1) dimensionally, using braces, by entering the dimensions of each
term from Table 1.2:

{ML7'T™3 = {ML7'T™% + {ML*H{L°T %} + {ML*}{LT ?}{L}

= {ML™*T ~2} for all terms Ans. (a)
Part (b)
Enter the Sl units for each quantity from Table 1.2:

{N/m?} = {N/m*} + {kg/m*}{m%s’} + {kg/m*}{m/s’}{m}

= {N/m?} + {kg/(m - s?)}
The right-hand side looks bad until we remember from Eq. (1.3) that 1 kg = 1 N - s¥m.
{N - $’/m}

— 2
-5} = {N/m~} Ans. (b)

{kg/(m - §%)} =

®That’s an awful lot of assumptions, which need further study in Chap. 3.
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Thus all terms in Bernoulli’s equation will have units of pascals, or newtons per square
meter, when Sl units are used. No conversion factors are needed, which is true of all
theoretical equations in fluid mechanics.

Part (c)
Introducing BG units for each term, we have
{Ibf/ft?} = {Ibf/ft’} + {slugs/ e} {ft/s?} + {slugs/fe}{ft/s?}{ft}
= {Ibf/f®} + {slugs/(ft - s*)}
But, from Eq. (1.3), 1 slug = 1 Ibf - s¥ft, so that
{Ibf - s¥ft}
{ft - s%}

All terms have the unit of pounds-force per square foot. No conversion factors are
needed in the BG system either.

{slugs/(ft - s¥)} = = {Ibf/ft*} Ans. (c)

There is still a tendency in English-speaking countries to use pound-force per
square inch as a pressure unit because the numbers are more manageable. For
example, standard atmospheric pressure is 14.7 Ibf/in* = 2116 Ibf/ft> = 101,300
Pa. The pascal is a small unit because the newton is less than } Ibf and a square
meter is a very large area.

Consistent Units

Note that not only must all (fluid) mechanics equations be dimensionally homo-
geneous, one must also use consistent units; that is, each additive term must have
the same units. There is no trouble doing this with the SI and BG systems, as
in Example 1.3, but woe unto those who try to mix colloquial English units. For
example, in Chap. 9, we often use the assumption of steady adiabatic compress-
ible gas flow:

h + 3V2 = constant

where h is the fluid enthalpy and V?/2 is its kinetic energy per unit mass. Col-
loquial thermodynamic tables might list h in units of British thermal units per
pound mass (Btu/lb), whereas V is likely used in ft/s. It is completely erroneous
to add Btu/lb to ft*s%. The proper unit for h in this case is ft - Ibf/slug, which is
identical to ft”/s>. The conversion factor is 1 Btu/lb = 25,040 ft?/s> = 25,040
ft - Ibf/slug.

Homaogeneous versus Dimensionally Inconsistent Equations
All theoretical equations in mechanics (and in other physical sciences) are
dimensionally homogeneous; that is, each additive term in the equation has the
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same dimensions. However, the reader should be warned that many empirical
formulas in the engineering literature, arising primarily from correlations of data,
are dimensionally inconsistent. Their units cannot be reconciled simply, and some
terms may contain hidden variables. An example is the formula that pipe valve
manufacturers cite for liquid volume flow rate Q (m®/s) through a partially open
valve:

Ap 1/2
Q=S sed

where Ap is the pressure drop across the valve and SG is the specific grav-
ity of the liquid (the ratio of its density to that of water). The quantity Cy
is the valve flow coefficient, which manufacturers tabulate in their valve
brochures. Since SG is dimensionless {1}, we see that this formula is totally
inconsistent, with one side being a flow rate {L*/T} and the other being the
square root of a pressure drop {MY?/LY?T}. It follows that C, must have
dimensions, and rather odd ones at that: {L"/M¥?}. Nor is the resolution of
this discrepancy clear, although one hint is that the values of Cy in the lit-
erature increase nearly as the square of the size of the valve. The presentation
of experimental data in homogeneous form is the subject of dimensional
analysis (Chap. 5). There we shall learn that a homogeneous form for the
valve flow relation is

p 12
Q = CdAopening(T)

where p is the liquid density and A the area of the valve opening. The discharge

Table 1.3 Convenient Prefixes coefficient Cq4 is dimensionless and changes only moderately with valve size.
for Engineering Units Please believe—until we establish the fact in Chap. 5—that this latter is a much
Multiplicative better formu_lation of the data. _ _ _ _ _
factor Prefix Symbol Meanwhile, we conclude that dimensionally inconsistent equations, though
102 tera T they occur in engineering practice, are misleading and vague and even
10° giga G dangerous, in the sense that they are often misused outside their range of
10° mega M applicability.
10° kilo k
10? hecto h
o ek % Convenient Prefixes in Powers of 10
1072 centi c Engineering results often are too small or too large for the common units, with
107° milli m too many zeros one way or the other. For example, to write p = 114,000,000 Pa
10:2 micro H is long and awkward. Using the prefix “M” to mean 10°, we convert this to a
18_12 ;?C”OO ; concise p = 114 MPa (megapascals). Similarly, t = 0.000000003 s is a proof-
10715 femto p reader’s nightmare compared to the equivalent t = 3 ns (nanoseconds). Such
10718 atto a prefixes are common and convenient, in both the SI and BG systems. A complete

list is given in Table 1.3.
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EXAMPLE 1.4

In 1890 Robert Manning, an Irish engineer, proposed the following empirical formula
for the average velocity V in uniform flow due to gravity down an open channel (BG
units):

1.49
V= . R2/381/2 (1)

where R = hydraulic radius of channel (Chaps. 6 and 10)
S = channel slope (tangent of angle that bottom makes with horizontal)
n = Manning’s roughness factor (Chap. 10)

and n is a constant for a given surface condition for the walls and bottom of the chan-
nel. (a) Is Manning’s formula dimensionally consistent? (b) Equation (1) is commonly
taken to be valid in BG units with n taken as dimensionless. Rewrite it in SI form.

Solution

- Assumption: The channel slope S is the tangent of an angle and is thus a dimension-
less ratio with the dimensional notation {1}—that is, not containing M, L, or T.

- Approach (a): Rewrite the dimensions of each term in Manning’s equation, using
brackets {}:

W= £ o = D

This formula is incompatible unless {1.49/n} = {LY**/T}. If n is dimensionless (and
it is never listed with units in textbooks), the number 1.49 must carry the dimensions
of {L*T}. Ans. (a)

- Comment (a): Formulas whose numerical coefficients have units can be disastrous
for engineers working in a different system or another fluid. Manning’s formula,
though popular, is inconsistent both dimensionally and physically and is valid only
for water flow with certain wall roughnesses. The effects of water viscosity and
density are hidden in the numerical value 1.49.

- Approach (b): Part (a) showed that 1.49 has dimensions. If the formula is valid in
BG units, then it must equal 1.49 ft“*/s. By using the SI conversion for length, we
obtain

(1.49 ft*%/s) (0.3048 m/ft)® = 1.00 m*®/s

Therefore, Manning’s inconsistent formula changes form when converted to the SI
system:

1.0
Slunits: V= o R¥3sY2 Ans. (b)

with R in meters and V in meters per second.

- Comment (b): Actually, we misled you: This is the way Manning, a metric user,
first proposed the formula. It was later converted to BG units. Such dimensionally
inconsistent formulas are dangerous and should be either reanalyzed or treated as
having very limited application.
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Fig. 1.3 System and control volume:
(a) gas in a closed system with a
moving boundary; (b) fluid flow
through a control volume with real
and imaginary surfaces.

1.5 System and Control Volume

A system is defined as an arbitrary quantity of mass of fixed identity. It is also
called closed system or control mass. Everything external to the system is denoted
by the term surroundings. The system is separated from the surroundings by its
boundaries. The boundaries of the system can be fixed or movable. Fig. 1.3a
shows a piston-cylinder assembly. The gas in the cylinder can be considered the
system. If the piston is pushed by an external force, the gas is compressed; the
boundary of the system thus moves. Heat and work may cross the boundaries of
the system, but the quantity of the mass in the system remains unchanged. The
concept of the system is almost exclusively used in solid mechanics, where we
are more likely to be interested in the trajectory of a particle or a rigid body for
analysis.

On the other hand, in thermodynamics and fluid mechanics, when fluid flow
is of the interest of the study, one can rarely keep track of the actual fate of the
specific fluid particles, as they are numerous in quantity and easily deformable. A
control volume is defined as an arbitrary region in space through which fluid flows.
It can be at rest or in motion. The geometric boundaries of the control volume
separating it from the surrounding is called control surface. The control surface
can be real or imaginary. Fig. 1.3b illustrates flow through a pipe T-junction. A
control surface is drawn on the junction. The area of the control surface corre-
sponding to the walls of pipe are the physical and real surfaces, whereas others
representing inlets or outlets are the imaginary surfaces.

Mathematically, a boundary or a control surface has zero thickness, and thus
it can neither contain any mass nor occupy any volume in space.

Methods of Description

The type of analysis for a physical system depends on the problem. In solid
mechanics it is easy to keep track of a fixed and identifiable quantity of mass,
such as particles or rigid bodies. A frame of reference that follows the trajectories
of individual particles or bodies is used and referred to as the Lagrangian method
of description. Most of the basic physical laws are written for a system of mass
(Chap. 3). The analysis based on the Lagrangian method requires us to track the
position, velocity, and acceleration of each individual particle.

Moving boundary
Imaginary surface

LN e (S o g ——————
! | F Vs 1 () Ve
Ioeas f [4| B=— =7V, Control volume X =
| |

|

Fixed boundary Real surface

@) (b)
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In a situation of fluid flow, however, the determination, by experiment or
theory, of the properties of the fluid as a function of position and time is
considered to be the solution to the problem. This is because it would not
be possible to keep track of the motion of each particle of fluid. Conse-
quently, a Lagrangian description of particles would be unmanageable. Often
we find it convenient to adopt a different method of description—the Eule-
rian method, as we commonly call it. Particularly with analyses of control
volume, the emphasis is on the space-time distribution of the fluid properties.
In the Eulerian method of description, the properties of a flow field are
described as functions of space coordinates and time. This treatment of prop-
erties as a logical outgrowth of the continuum-field assumption distinguishes
fluid mechanics from solid mechanics. The properties of the velocity and
acceleration fields are demonstrated below using the Eulerian method of
description.

The Velocity Field
Foremost among the properties of a flow is the velocity field V(x, y, z, t). In fact,
determining the velocity is often tantamount to solving a flow problem, since
other properties follow directly from the velocity field. Chapter 2 is devoted to
the calculation of the pressure field once the velocity field is known. Books on
heat transfer (for example, Ref. 20) are largely devoted to finding the temperature
field from known velocity fields.

In general, velocity is a vector function of position and time and thus has three
components u, v, and w, each a scalar field in itself:

(1.4)

The use of u, v, and w instead of the more logical component notation V,, V,,
and V, is the result of an almost unbreakable custom in fluid mechanics. Much
of this textbook, especially Chaps. 4, 7, 8, and 9, is concerned with finding the
distribution of the velocity vector V for a variety of practical flows.

The Acceleration Field

The acceleration vector, a = dV/dt, occurs in Newton’s law for a fluid and thus
is very important. In order to follow a particle in the Eulerian frame of reference,
the final result for acceleration is nonlinear and quite complicated. Here we only
give the formula:

dav _ oV A% oV oV
= = +u—+ —+WE

_f_ ey 1.
= "ot T Yax T Vay (15)

where (u, v, w) are the velocity components from Eq. (1.4). We shall study this
formula in detail in Chap. 4. The last three terms in Eq. (1.5) are nonlinear
products and greatly complicate the analysis of general fluid motions, especially
viscous flows.
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1.6 Thermodynamic Properties of a Fluid

While the velocity field V is the most important fluid property, it interacts closely
with the thermodynamic properties of the fluid. We have already introduced into
the discussion the three most common such properties:

1. Pressure p
2. Density p
3. Temperature T

These three are constant companions of the velocity vector in flow analyses. Four
other intensive thermodynamic properties become important when work, heat,
and energy balances are treated (Chaps. 3 and 4):

4. Internal energy @

5. Enthalpy h =0+ p/p
6. Entropy s

7. Specific heats ¢, and c,

In addition, friction and heat conduction effects are governed by the two so-called
transport properties:

8. Coefficient of viscosity p
9. Thermal conductivity k

All nine of these quantities are true thermodynamic properties that are determined
by the thermodynamic condition or state of the fluid. For example, for a single-
phase substance such as water or oxygen, two basic properties such as pressure
and temperature are sufficient to fix the value of all the others:

p=p(p.T) h=h(p,T) b=ppT)

and so on for every quantity in the list. Note that the specific volume, so impor-
tant in thermodynamic analyses, is omitted here in favor of its inverse, the
density p.

Recall that thermodynamic properties describe the state of a system—that is,
a collection of matter of fixed identity that interacts with its surroundings. In
most cases here the system will be a small fluid element, and all properties will
be assumed to be continuum properties of the flow field: p = p(x, v, z, t), and
SO on.

Recall also that thermodynamics is normally concerned with static systems,
whereas fluids are usually in variable motion with constantly changing properties.
Do the properties retain their meaning in a fluid flow that is technically not in
equilibrium? The answer is yes, from a statistical argument. In gases at normal
pressure (and even more so for liquids), an enormous number of molecular col-
lisions occur over a very short distance of the order of 1 um, so that a fluid
subjected to sudden changes rapidly adjusts itself toward equilibrium. We there-
fore assume that all the thermodynamic properties just listed exist as point func-
tions in a flowing fluid and follow all the laws and state relations of ordinary
equilibrium thermodynamics. There are, of course, important nonequilibrium
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effects such as chemical and nuclear reactions in flowing fluids, which are not
treated in this text.

Pressure

Pressure is the (compression) stress at a point in a static fluid (Fig. 1.1). Next to
velocity, the pressure p is the most dynamic variable in fluid mechanics. Differ-
ences or gradients in pressure often drive a fluid flow, especially in ducts. In
low-speed flows, the actual magnitude of the pressure is often not important,
unless it drops so low as to cause vapor bubbles to form in a liquid. For conve-
nience, we set many such problem assignments at the level of 1 atm = 2116 Ibf/
ft* = 101,300 Pa. High-speed (compressible) gas flows (Chap. 9), however, are
indeed sensitive to the magnitude of pressure.

Temperature

Temperature T is related to the internal energy level of a fluid. It may vary con-
siderably during high-speed flow of a gas (Chap. 9). Although engineers often
use Celsius or Fahrenheit scales for convenience, many applications in this text
require absolute (Kelvin or Rankine) temperature scales:

°R = °F + 459.69
K=°C+ 273.16

If temperature differences are strong, heat transfer may be important [20], but
our concern here is mainly with dynamic effects.

Density
The density of a fluid, denoted by p (lowercase Greek rho), is its mass per unit
volume. Density is highly variable in gases and increases nearly proportionally to
the pressure level. Density in liquids is nearly constant; the density of water (about
1000 kg/m°) increases only 1 percent if the pressure is increased by a factor of
220. Thus most liquid flows are treated analytically as nearly “incompressible.”
In general, liquids are about three orders of magnitude more dense than gases
at atmospheric pressure. The heaviest common liquid is mercury, and the lightest
gas is hydrogen. Compare their densities at 20°C and 1 atm:

Mercury: p = 13,580 kg/m® Hydrogen: p = 0.0838 kg/m?

They differ by a factor of 162,000! Thus, the physical parameters in various
liquid and gas flows might vary considerably. The differences are often resolved
by the use of dimensional analysis (Chap. 5). Other fluid densities are listed in
Tables A.3 and A.4 (in App. A), and in Ref. 21.

Specific Weight

The specific weight of a fluid, denoted by y (lowercase Greek gamma), is its
weight per unit volume. Just as a mass has a weight W = mg, density and specific
weight are simply related by gravity:

Y = Py (1.6)
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The units of y are weight per unit volume, in Ibf/ft2 or N/m?. In standard earth
gravity, g = 32.174 ft/s?> = 9.807 m/s>. Thus, for example, the specific weights
of air and water at 20°C and 1 atm are approximately

Yar = (1.205 kg/m®) (9.807 m/s?) = 11.8 N/m*® = 0.0752 Ibf/ft*
Vuater = (998 kg/m®)(9.807 m/s?) = 9790 N/m® = 62.4 Ibf/ft>

Specific weight is very useful in the hydrostatic pressure applications of Chap. 2.
Specific weights of other fluids are given in Tables A.3 and A.4.

Specific Gravity
Specific gravity, denoted by SG, is the ratio of a fluid density to a standard refer-
ence fluid, usually water at 4°C (for liquids) and air (for gases):

Pgas Pgas
SGys=— = ——7—— 1.7
%7 pair - 1.205 kg/m® (1.7)
p . . p . .
SG“quid — liquid liquid

Puwater B 1000 kg/m3

For example, the specific gravity of mercury (Hg) is SGyy = 13,580/1000 = 13.6.
Engineers find these dimensionless ratios easier to remember than the actual
numerical values of density of a variety of fluids.

Potential and Kinetic Energies

In thermostatics the only energy in a substance is that stored in a system by
molecular activity and molecular bonding forces. This is commonly denoted as
internal energy 0. A commonly accepted adjustment to this static situation for
fluid flow is to add two more energy terms that arise from newtonian mechanics:
potential energy and Kkinetic energy.

The potential energy equals the work required to move the system of mass m
from the origin to a position vector r = ix + jy + kz against a gravity field g.
Its value is —mg - r, or —g - r per unit mass. The Kinetic energy equals the work
required to change the speed of the mass from zero to velocity V. Its value is
ImV? or $V2 per unit mass. Then by common convention the total stored energy
e per unit mass in fluid mechanics is the sum of three terms:

e=0+2+ (g r) (1.8)

Also, throughout this book we shall define z as upward, so that g = —gk and
g - r = —gz. Then Eg. (1.8) becomes

e=0+12v2+gz (1.9)

The molecular internal energy 0 is a function of T and p for the single-phase
pure substance, whereas the potential and kinetic energies are kinematic
quantities.
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State Relations for Gases
Thermodynamic properties are found both theoretically and experimentally to be
related to each other by state relations that differ for each substance. As men-
tioned, we shall confine ourselves here to single-phase pure substances, such as
water in its liquid phase. The second most common fluid, air, is a mixture of
gases, but since the mixture ratios remain nearly constant between 160 and 2200
K, in this temperature range air can be considered to be a pure substance.

All gases at high temperatures and low pressures (relative to their critical
point) are in good agreement with the perfect-gas law

(1.10)

where the specific heats ¢, and c, are defined in Egs. (1.14) and (1.15).

Since Eq. (1.10) is dimensionally consistent, R has the same dimensions as
specific heat, {L°T"©7"}, or velocity squared per temperature unit (kelvin or
degree Rankine). Each gas has its own constant R, equal to a universal constant
A divided by the molecular weight

A\
Ryas = —— 1.11
gas Mgas ( )
where A = 49,700 ft-Ibf/(slugmol - °R) = 8314 J/(kmol - K). Most applications in
this book are for air, whose molecular weight is M = 28.97g/mol = 28.97 Ib/Ibmol:

49,700 ft - Ibf/(slugmol - °R) ft - Ibf ft2 m?
= =1716 ———— = 1716 =287
ar 28.971b/Ibmol slug - °R s?°R 2K
(1.12)

Standard atmospheric pressure is 2116 Ibf/ft? = 2116 slug/(ft - s), and standard
temperature is 60°F = 520°R. Thus standard air density is

2116 slug/(ft - s%)
[1716 ft?/(s® - °R)](520°R)

This is a nominal value suitable for problems. For other gases, see Table A.4.

Most of the common gases—oxygen, nitrogen, hydrogen, helium, argon—are
nearly ideal. This is not so true for steam, whose simplified temperature—entropy
chart is shown in Fig. 1.4. Unless you are sure that the steam temperature is
“high” and the pressure “low,” it is best to use the steam tables to make accurate
calculations.

One proves in thermodynamics that Eq. (1.10) requires that the internal molec-
ular energy 0 of a perfect gas vary only with temperature: 0 = (T). Therefore,
the specific heat c, also varies only with temperature:

Qo 00 _do
' CaT),  dT

or do = c,(T)dT (1.14)

= 0.00237 slug/ft® = 1.22 kg/m®  (1.13)

Pair =

=c(T)
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Fig. 1.4 Temperature—entropy chart
for steam. The critical point is p. =
22,060 kPa, T, = 374°C, S, =

4.41 KJ/(kg - K). Except near the
critical point, the smooth isobars
tempt one to assume, often incor-
rectly, that the ideal-gas law is valid
for steam. It is not, except at low
pressure and high temperature: the
upper right of the graph.
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In like manner the enthalpy h and the specific heat ¢, of a perfect gas also vary
only with temperature:

h= a+%= 0 +RT = h(T)
oh _dh
dh = c,(T)dT

The ratio of specific heats of a perfect gas is an important dimensionless param-
eter in compressible flow analysis (Chap. 9)

Cp
k=C—= k(T)=1 (1.16)

v

As a first approximation in airflow analysis we commonly take c,, c,, and k to
be constant:

kair =14
R
¢, =g = 4203 /(s R) = 718 /(s K) (1.17)
kR
¢ = = 6010 ft%/(s? - °R) = 1005 m?/(s* - K)

Actually, for all gases, ¢, and ¢, increase gradually with temperature, and k
decreases gradually. Experimental values of the specific-heat ratio for eight com-
mon gases are shown in Fig. 1.5. Nominal values are in Table A.4.

Many flow problems involve steam. Typical steam operating conditions are
often close to the critical point, so that the perfect-gas approximation is inaccu-
rate. Then we must turn to the steam tables, either in tabular or CD-ROM form
[23] or as online software [24]. Most online steam tables require a license fee,
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but the writer, in Example 1.5 that follows, suggests a free online source. Some-
times the error of using the perfect-gas law for steam can moderate, as the
following example shows.

EXAMPLE 1.5

Estimate p and ¢, of steam at 100 Ibf/in? and 400°F, in English units, (a) by the perfect-
gas approximation and (b) by the ASME Steam Tables [23].

Solution

- Approach (a)—the perfect-gas law: Although steam is not an ideal gas, we can
estimate these properties with moderate accuracy from Egs. (1.10) and (1.17). First
convert pressure from 100 Ibf/in® to 14,400 Ibf/ft?>, and use absolute temperature,
(400°F + 460) = 860°R. Then we need the gas constant for steam, in English units.
From Table A.4, the molecular weight of H,O is 18.02, whence

Nengisn 49,700 ft - Ibf/(slugmol °R) ft - Ibf
Rsteam = = = 2758
Mu,o 18.02/mol slug °R
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Then the density estimate follows from the perfect-gas law, Eq. (1.10):

o 14,400 Ibf/ft2 B Ans. (a)
TRT  [2758 ft - Ibf/(slug - °R)](860 °R) ft’ |

P

At 860°R, from Fig. 1.5, Kyeam = Cp/c, = 1.30. Then, from Eq. (1.17),

1.3) (2758 ft - Ibf/(slug °R :
o= R _ 3 (S1ug °R)) _ 1, 10 fL 108
k-1 (1.3-1) slug °R

Ans. (a)

- Approach (b)—tables or software: One can either read the ASME Steam Tables
[23] or use online software. Online software, such as [24], calculates the properties
of steam without reading a table. Most of these require a license fee, which your
institution may or may not possess. For work at home, the writer has found success
with this free commercial online site:

https://beta.spiraxsarco.com/resources-and-design-tools

The software calculates superheated steam properties, as required in this example. The
Spirax Sarco Company makes many types of steam equipment: boilers, condensers,
valves, pumps, regulators. This site provides many steam properties—density, specific
heat, enthalpy, speed of sound—in many different unit systems. Here we need the
density and specific heat of steam at 100 Ibf/in” and 400°F. You enter these two inputs
and it will calculate not only p and c, but also many other properties of interest, in
English or metric units. The software results are:

(100 Ibffin?, 400°F) = 0.2027 Ibm/ft® = 3.247 kg/m® Ans. (b)
¢,(100 Ibf/in? 400°F) = 0.5289 Btu/(lbm-F) = 2215 J/(kg-K) Ans. (b)

Comments: These are quite accurate and compare well to other steam tables. The perfect-
gas estimate of p is 4 percent low, and the estimate of c, is 9 percent low. The chief reason
for the discrepancy is that this temperature and pressure are rather close to the critical point
and saturation line of steam. At higher temperatures and lower pressures, say, 800°F and
50 Ibf/in? the perfect-gas law has an accuracy of about +1 percent. See Fig. 1.4.

Again let us warn that English units (psia, lbm, Btu) are awkward and must be
converted to SI or BG units in almost all fluid mechanics formulas.

State Relations for Liquids

The writer knows of no “perfect-liquid law” comparable to that for gases. Liquids
are nearly incompressible and have a single, reasonably constant specific heat.
Thus an idealized state relation for a liquid is

p=const c,=c,=const dh=c,dT (1.18)

Most of the flow problems in this book can be attacked with these simple assump-
tions. Water is normally taken to have a density of 998 kg/m® and a specific heat
c, = 4210 m?/(s® - K). The steam tables may be used if more accuracy is required.

The density of a liquid usually decreases slightly with temperature and increases
moderately with pressure. If we neglect the temperature effect, an empirical pres-
sure—density relation for a liquid is

n

P _ P
=B+ o -8B (1.19)
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where B and n are dimensionless parameters that vary slightly with temperature
and p, and p, are standard atmospheric values. Water can be fitted approximately
to the values B = 3000 and n = 7.

Seawater is a variable mixture of water and salt and thus requires three ther-
modynamic properties to define its state. These are normally taken as pressure,
temperature, and the salinity S, defined as the weight of the dissolved salt divided
by the weight of the mixture. The average salinity of seawater is 0.035, usually
written as 35 parts per 1000, or 35 %o. The average density of seawater is 2.00
slugs/ft = 1030 kg/m?. Strictly speaking, seawater has three specific heats, all
approximately equal to the value for pure water of 25,200 ft/(s> - °R) = 4210
m?/(s* - K).

EXAMPLE 1.6

The pressure at the deepest part of the ocean is approximately 1100 atm. Estimate the
density of seawater in slug/ft® at this pressure.

Solution

Equation (1.19) holds for either water or seawater. The ratio p/p, is given as 1100:
P 7
1100 = 1),— —
00 = (300 )(pa) 3000

P 4100 V7

— =, ——_ =1046
p, (3001

or

Assuming an average surface seawater density p, = 2.00 slugs/ft’, we compute
p = 1.046(2.00) = 2.09 slugs/ft® Ans.

Even at these immense pressures, the density increase is less than 5 percent, which
justifies the treatment of a liquid flow as essentially incompressible.

1.7 Viscosity and Other Secondary Properties

The quantities such as pressure, temperature, and density discussed in the previ-
ous section are primary thermodynamic variables characteristic of any system.
Certain secondary variables also characterize specific fluid mechanical behavior.
The most important of these is viscosity, which relates the local stresses in a
moving fluid to the strain rate of the fluid element.

Viscosity

Viscosity is a quantitative measure of a fluid’s resistance to flow. More specifi-
cally, it determines the fluid strain rate that is generated by a given applied shear
stress. We can easily move through air, which has very low viscosity. Movement
is more difficult in water, which has 50 times higher viscosity. Still more resis-
tance is found in SAE 30 oil, which is 300 times more viscous than water. Try
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Fig. 1.6 Shear stress causes continu-
ous shear deformation in a fluid:

(a) a fluid element straining at a rate
08/6t; (b) newtonian shear distribu-
tion in a shear layer near a wall.

to slide your hand through glycerin, which is five times more viscous than SAE
30 oil, or blackstrap molasses, another factor of five higher than glycerin. Fluids
may have a vast range of viscosities.

Consider a fluid element sheared in one plane by a single shear stress T, as in
Fig. 1.6a. The shear strain angle 36 will continuously grow with time as long as
the stress T is maintained, the upper surface moving at speed 6u larger than the
lower. Such common fluids as water, oil, and air show a linear relation between
applied shear and resulting strain rate:

08
— 1.20
5t (1.20)
From the geometry of Fig. 1.6a, we see that
ou ot
tan 66 = — 1.21
an 5 (1.21)

In the limit of infinitesimal changes, this becomes a relation between shear strain
rate and velocity gradient:

dé  du
—=— 1.22
dt dy (1.22)
From Eq. (1.20), then, the applied shear is also proportional to the velocity
gradient for the common linear fluids. The constant of proportionality is the
viscosity coefficient y:

do  du
— = 1.23
=g udy (1.23)

Equation (1.23) is dimensionally consistent; therefore | has dimensions of stress—
time: {FT/L?} or {M/(LT)}. The BG unit is slugs per foot-second, and the SI unit
is kilograms per meter-second. The linear fluids that follow Eq. (1.23) are called

y
Bu 5t . % u(y)
o Velocity
 — T =5u profile
/ / du
// // —_—
o0 o8 _ ,du
ﬂ/ “// dy ‘E“T_ Ud*y
dy / / -~
/ /
/ / No slip at wall
/ OX / 0
u=0
T
@ (b)
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Table 1.4 Viscosity and Kinematic Viscosity of Eight Fluids at 1 atm and 20°C

u, Ratio P, v Ratio
Fluid kg/(m - s)' W/H(H,) kg/m® m?/s' vIV(Hg)
Hydrogen 9.0 E-6 1.0 0.084 1.05 E-4 910
Air 1.8 E-5 2.1 1.20 150 E-5 130
Gasoline 29 E-4 33 680 4.22 E-7 3.7
Water 1.0 E-3 114 998 1.01 E-6 8.7
Ethyl alcohol 12 E-3 135 789 152 E-6 13
Mercury 15 E-3 170 13,550 1.16 E-7 1.0
SAE 30 oil 0.29 33,000 891 3.25 E-4 2,850
Glycerin 15 170,000 1,260 1.18 E-3 10,300

1 kg/(m - s) = 0.0209 slug/(ft - s); 1 m%¥s = 10.76 ft¥/s.

newtonian fluids, after Sir Isaac Newton, who first postulated this resistance law
in 1687.

We do not really care about the strain angle 6(t) in fluid mechanics, con-
centrating instead on the velocity distribution u(y), as in Fig. 1.6b. We shall
use Eqg. (1.23) in Chap. 4 to derive a differential equation for finding the
velocity distribution u(y)—and, more generally, V(x, y, z, t)—in a viscous
fluid. Figure 1.6b illustrates a shear layer, or boundary layer, near a solid
wall. The shear stress is proportional to the slope of the velocity profile and
is greatest at the wall. Further, at the wall, the velocity u is zero relative to
the wall: This is called the no-slip condition and is characteristic of all viscous
fluid flows.

The viscosity of newtonian fluids is a true thermodynamic property and varies
with temperature and pressure. At a given state (p, T) there is a vast range of
values among the common fluids. Table 1.4 lists the viscosity of eight fluids at
standard pressure and temperature. There is a variation of six orders of magnitude
from hydrogen up to glycerin. Thus there will be wide differences between fluids
subjected to the same applied stresses.

Generally speaking, the viscosity of a fluid increases only weakly with pres-
sure. For example, increasing p from 1 to 50 atm will increase y of air only 10
percent. Temperature, however, has a strong effect, with p increasing with T for
gases and decreasing for liquids. Figure A.1 (in App. A) shows this temperature
variation for various common fluids. It is customary in most engineering work
to neglect the pressure variation.

The variation p(p, T) for a typical fluid is nicely shown by Fig. 1.7, from Ref.
25, which normalizes the data with the critical-point state (i, pe, Tc). This behav-
ior, called the principle of corresponding states, is characteristic of all fluids, but
the actual numerical values are uncertain to £20 percent for any given fluid. For
example, values of p(T) for air at 1 atm, from Table A.2, fall about 8 percent
low compared to the “low-density limit” in Fig. 1.7.

Note in Fig. 1.7 that changes with temperature occur very rapidly near the
critical point. In general, critical-point measurements are extremely difficult and
uncertain.
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Fig. 1.7 Fluid viscosity
nondimensionalized by critical-point
properties. This generalized chart is
characteristic of all fluids but is
accurate only to 20 percent.

(From Ref. 25.)
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The primary parameter correlating the viscous behavior of all newtonian fluids
is the dimensionless Reynolds number:

VL VL

Re= V= Vb (1.24)

v Y
where V and L are characteristic velocity and length scales of the flow. The
second form of Re illustrates that the ratio of p to p has its own name, the kine-
matic viscosity:

V= (1.25)

H
p
It is called kinematic because the mass units cancel, leaving only the dimensions
{L4T}.

Generally, the first thing a fluids engineer should do is estimate the Reynolds
number range of the flow under study. Very low Re indicates viscous creeping
motion, where inertia effects are negligible. Moderate Re implies a smoothly
varying laminar flow. High Re probably spells turbulent flow, which is slowly
varying in the time-mean but has superimposed strong random high-frequency



Fig. 1.8 Viscous flow induced by
relative motion between two
parallel plates.
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fluctuations. Explicit numerical values for low, moderate, and high Reynolds
numbers cannot be stated here. They depend on flow geometry and will be dis-
cussed in Chaps. 5 through 7.

Table 1.4 also lists values of v for the same eight fluids. The pecking order
changes considerably, and mercury, the heaviest, has the smallest viscosity rela-
tive to its own weight. All gases have high v relative to thin liquids such as
gasoline, water, and alcohol. Oil and glycerin still have the highest v, but the ratio
is smaller. For given values of V and L in a flow, these fluids exhibit a spread
of four orders of magnitude in the Reynolds number.

Flow between Plates
A classic problem is the flow induced between a fixed lower plate and an upper
plate moving steadily at velocity V, as shown in Fig. 1.8. The clearance between
plates is h, and the fluid is newtonian and does not slip at either plate. If the
plates are large, this steady shearing motion will set up a velocity distribution
u(y), as shown, with v = w = 0. The fluid acceleration is zero everywhere.
With zero acceleration and assuming no pressure variation in the flow direction,
you should show that a force balance on a small fluid element leads to the result
that the shear stress is constant throughout the fluid. Then Eq. (1.23) becomes

du_T_ const
dy
which we can integrate to obtain
u=a-+hy

The velocity distribution is linear, as shown in Fig. 1.8, and the constants a and
b can be evaluated from the no-slip condition at the upper and lower walls:

U= 0=a+Db(0) aty =0
“{v=a+b(h) aty=h
Hence a = 0 and b = V/h. Then the velocity profile between the plates is given by

u:V% (1.26)

as indicated in Fig. 1.8. Turbulent flow (Chap. 6) does not have this shape.

Moving
u=V plate:

J—> u=V

" Viscous -
u(y) ;- fluid .

X
Fixed plate
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Although viscosity has a profound effect on fluid motion, the actual viscous
stresses are quite small in magnitude even for oils, as shown in the next example.

Problem-Solving Procedure

Fluid flow analysis is packed with problems to be solved. The present text has
more than 1700 problem assignments. Solving a large number of these is a key
to learning the subject. One must deal with equations, data, tables, assumptions,
unit systems, and solution schemes. The degree of difficulty will vary, and we
urge you to sample the whole spectrum of assignments, with or without the
answers in the Appendix. Here are the recommended steps for problem solution:

1. Read the problem and restate it with your summary of the results desired.

2. From tables or charts, gather the needed property data: density, viscosity,
etc.

3. Make sure you understand what is asked. Students are apt to answer the
wrong question—for example, pressure instead of pressure gradient, lift
force instead of drag force, or mass flow instead of volume flow. Read the
problem carefully.

4. Make a detailed, labeled sketch of the system or control volume needed.

5. Think carefully and list your assumptions. You must decide if the flow is
steady or unsteady, compressible or incompressible, viscous or inviscid,
and whether a control volume or partial differential equations are needed.

6. Find an algebraic solution if possible. Then, if a numerical value is needed,
use either the SI or BG unit systems reviewed in Sec. 1.4.

7. Report your solution, labeled, with the proper units and the proper number
of significant figures (usually two or three) that the data uncertainty allows.

We shall follow these steps, where appropriate, in our example problems.

EXAMPLE 1.7

Suppose that the fluid being sheared in Fig. 1.8 is SAE 30 oil at 20°C. Compute the
shear stress in the oil if V =3 m/sand h = 2 cm.

Solution

- System sketch: This is shown earlier in Fig. 1.8.

- Assumptions: Linear velocity profile, laminar newtonian fluid, no slip at either plate
surface.

- Approach: The analysis of Fig. 1.8 leads to Eq. (1.26) for laminar flow.

- Property values: From Table 1.4 for SAE 30 oil, the oil viscosity i = 0.29 kg/(m-s).

- Solution steps: In Eq. (1.26), the only unknown is the fluid shear stress:

v kg  (3mis) kg - m/s®
T=Jh—= = _

N
029 — - =43 =435— =44Pa  Ans.
h™ " m-s)(0.02m) m? m? : "



1.7 Viscosity and Other Secondary Properties 31

- Comments: Note the unit identities, 1 kg-m/s> = 1 N and 1 N/m? = 1 Pa. Although
oil is very viscous, this shear stress is modest, about 2400 times less than atmospheric
pressure. Viscous stresses in gases and thin (watery) liquids are even smaller.

Variation of Viscosity with Temperature

Temperature has a strong effect and pressure a moderate effect on viscosity. The

viscosity of gases and most liquids increases slowly with pressure. Water is anom-

alous in showing a very slight decrease below 30°C. Since the change in viscosity

is only a few percent up to 100 atm, we shall neglect pressure effects in this book.
Gas viscosity increases with temperature. Two common approximations are

the power law and the Sutherland law:

T n
— power law
u D
T (T/?I' )32(T, + S) (2:27)
% Sutherland law

where |, is a known viscosity at a known absolute temperature T, (usually 273
K). The constants n and S are fit to the data, and both formulas are adequate over
a wide range of temperatures. For air, n = 0.7 and S = 110 K = 199°R. Other
values are given in Ref. 26.

Liquid viscosity decreases with temperature and is roughly exponential, u =
ae ™" but a better fit is the empirical result that In p is quadratic in 1/T, where
T is absolute temperature:;

E 2
T

For water, with T, = 273.16 K, o = 0.001792 kg/(m - s), suggested values are
a=-194, b = —4.80, and ¢ = 6.74, with accuracy about £1 percent. The

viscosity of water is tabulated in Table A.1. For further viscosity data, see Refs.
27, 28, and 29.

Nt =a+b O 4c (1.28)
Ho 1) " C

Nonnewtonian Fluids

Fluids that do not follow the linear law of Eq. (1.23) are called nonnewtonian
and are treated in books on rheology [16]. Figure 1.9a compares some examples
to a newtonian fluid. For the nonlinear curves, the slope at any point is called
the apparent viscosity.

Dilatant. This fluid is shear-thickening, increasing its resistance with increasing
strain rate. Examples are suspensions of corn starch or sand in water. The classic
case is quicksand, which stiffens up if one thrashes about.

Pseudoplastic. A shear-thinning fluid is less resistant at higher strain rates. A
very strong thinning is called plastic. Some of the many examples are polymer
solutions, colloidal suspensions, paper pulp in water, latex paint, blood plasma,
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Fig. 1.10 A rotating parallel-disk
rheometer (NETZSCH).
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Fig. 1.9 Rheological behavior of various viscous materials: (a) stress versus strain rate;
(b) effect of time on applied stress.

syrup, and molasses. The classic case is paint, which is thick when poured but
thin when brushed at a high strain rate.

Bingham plastic. The limiting case of a plastic substance is one that requires a
finite yield stress before it begins to flow. Figure 1.9a shows yielding followed
by linear behavior, but nonlinear flow can also occur. Some examples are clay
suspensions, drilling mud, toothpaste, mayonnaise, chocolate, and mustard. The
classic case is catsup, which will not come out of the bottle until you stress it by
shaking.

A further complication of nonnewtonian behavior is the transient effect shown
in Fig. 1.9b. Some fluids require a gradually increasing shear stress to maintain
a constant strain rate and are called rheopectic. The opposite case of a fluid that
thins out with time and requires decreasing stress is termed thixotropic. We
neglect nonnewtonian effects in this book; see Ref. 16 for further study.

Rheometers

There are many commercial devices for measuring the shear stress versus strain
rate behavior of both newtonian and nonnewtonian fluids. They are generically
called rheometers and have various designs: parallel disks, cone-plate, rotating
coaxial cylinders, torsion, extensional, and capillary tubes. Reference 29 gives a
good discussion. A popular device is the parallel-disk rheometer, shown in
Fig. 1.10. A thin layer of fluid is placed between the disks, one of which rotates.
The resisting torque on the rotating disk is proportional to the viscosity of the
fluid. A simplified theory for this device is given in Example 1.10.



Fig. 1.11 Surface tension of a clean
air-water interface. Data from
Table A.5.
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Surface Tension

A liquid, being unable to expand freely, will form an interface with a second
liquid or gas. The physical chemistry of such interfacial surfaces is quite complex,
and whole textbooks are devoted to this specialty [30]. Molecules deep within
the liquid repel each other because of their close packing. Molecules at the surface
are less dense and attract each other. Since half of their neighbors are missing,
the mechanical effect is that the surface is in tension. We can account adequately
for surface effects in fluid mechanics with the concept of surface tension.

If a cut of length dL is made in an interfacial surface, equal and opposite forces
of magnitude Y dL are exposed normal to the cut and parallel to the surface,
where Y is called the coefficient of surface tension. The dimensions of Y are
{F/L}, with Sl units of newtons per meter and BG units of pounds-force per foot.
An alternate concept is to open up the cut to an area dA; this requires work to
be done of amount Y dA. Thus the coefficient Y can also be regarded as the
surface energy per unit area of the interface, in N - m/m? or ft - Ibf/ft%.

The two most common interfaces are water—air and mercury-air. For a clean
surface at 20°C = 68°F, the measured surface tension is

_0.0050 Ibf/ft = 0.073 N/m  air-water
~ {00.033 Ibf/ft = 0.48 N/m  air-mercury

These are design values and can change considerably if the surface contains
contaminants like detergents or slicks. Generally Y decreases with liquid tem-
perature and is zero at the critical point. Values of Y for water are given in
Fig. 1.11 and Table A.5.

If the interface is curved, a mechanical balance shows that there is a pressure
difference across the interface, the pressure being higher on the concave side, as
illustrated in Fig. 1.12. In Fig. 1.12a, the pressure increase in the interior of a
liquid cylinder is balanced by two surface-tension forces:

2RL Ap = 2YL

(1.29)

or Ap=— (1.30)
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Fig. 1.12 Pressure change across a curved interface due to surface tension: (a) interior of a liquid cylinder; (b) interior of a spheri-

cal droplet; (c) general curved interface.

We are not considering the weight of the liquid in this calculation. In Fig. 1.12b,
the pressure increase in the interior of a spherical droplet balances a ring of
surface-tension force:

nR? Ap = 2nRY
2Y
or Ap = Y (1.31)

We can use this result to predict the pressure increase inside a soap bubble, which
has two interfaces with air, an inner and outer surface of nearly the same radius R:

4Y

APpuppie = 2 APgroplet = 5~

- (1.32)

Figure 1.12c shows the general case of an arbitrarily curved interface whose
principal radii of curvature are R; and R,. A force balance normal to the surface
will show that the pressure increase on the concave side is

(1.33)

Equations (1.30) to (1.32) can all be derived from this general relation; for exam-
ple, in Eq. (1.30), R; = R and R, = oo.

A second important surface effect is the contact angle 6, which appears when
a liquid interface intersects with a solid surface, as in Fig. 1.13. The force bal-
ance would then involve both Y and 6. If the contact angle is less than 90°, the
liquid is said to wet the solid; if 8 > 90°, the liquid is termed nonwetting. For
example, water wets soap but does not wet wax. Water is extremely wetting to
a clean glass surface, with 8 = 0°. Like Y, the contact angle 6 is sensitive to
the actual physicochemical conditions of the solid-liquid interface. For a clean
mercury—air—glass interface, 8 = 130°.



Fig. 1.13 Contact-angle effects at
liquid—gas—solid interface. If

8 < 90°, the liquid “wets” the solid;
if 8 > 90°, the liquid is nonwetting.
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Example 1.8 illustrates how surface tension causes a fluid interface to rise or

fall in a capillary tube.

EXAMPLE 1.8
Derive an expression for the change in height h in a circular tube of a liquid with
surface tension Y and contact angle 6, as in Fig. E1.8.

Solution
The vertical component of the ring surface-tension force at the interface in the tube
must balance the weight of the column of fluid of height h:

2MRY cos 6 = ynR*h

Solving for h, we have the desired result:

2Y cos 0
= Ans.
yR

Thus the capillary height increases inversely with tube radius R and is positive if

B < 90° (wetting liquid) and negative (capillary depression) if 8 > 90°.
Suppose that R = 1 mm. Then the capillary rise for a water-air—glass interface,

6 = 0° Y = 0.073 N/m, and p = 1000 kg/m? is
2(0.073 N/m)(cos 0°) 2
h= : 5 = 0.015 (N - s9)/kg = 0.015m = 1.5cm
(1000 kg/m?)(9.81 m/s%)(0.001 m)
For a mercury-air—glass interface, with 8 = 130°, Y = 0.48 N/m, and p = 13,600 kg/m®,

the capillary rise is

_2(0.48)(cos 130°) —0.0046 m = —0.46 cm
~ 13,600(9.81)(0.001) o

When a small-diameter tube is used to make pressure measurements (Chap. 2), these
capillary effects must be corrected for.
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Fig. 1.14 Vapor pressure of water.
Data from Table A.5.

Vapor Pressure
Vapor pressure is the pressure at which a liquid boils and is in equilibrium with
its own vapor. For example, the vapor pressure of water at 68°F is 49 Ibf/ft?,
while that of mercury is only 0.0035 Ibf/ft. If the liquid pressure is greater than
the vapor pressure, the only exchange between liquid and vapor is evaporation at
the interface. If, however, the liquid pressure falls below the vapor pressure, vapor
bubbles begin to appear in the liquid. If water is heated to 212°F, its vapor pressure
rises to 2116 Ibf/ft?, and thus water at normal atmospheric pressure will boil.
When the liquid pressure is dropped below the vapor pressure due to a flow
phenomenon, we call the process cavitation. If water is accelerated from rest to
about 50 ft/s, its pressure drops by about 15 Ibf/in?, or 1 atm. This can cause
cavitation [31].

The dimensionless parameter describing flow-induced boiling is the cavitation
number

Pa = Py
Ca= 1.34
Y (1.34)
where p, = ambient pressure
p, = vapor pressure
V = characteristic flow velocity

p = fluid density

Depending on the geometry, a given flow has a critical value of Ca below which
the flow will begin to cavitate. Values of surface tension and vapor pressure of
water are given in Table A.5. The vapor pressure of water is plotted in Fig. 1.14.

Figure 1.15a shows cavitation bubbles being formed on the low-pressure sur-
faces of a marine propeller, as happens in water being churned by the propeller.
When these bubbles move into a higher-pressure region, they collapse implo-
sively. Cavitation collapse can rapidly spall and erode metallic surfaces and even-
tually destroy them, as shown in Fig. 1.15b.
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Fig. 1.15 Two aspects of cavitation
bubble formation in liquid flows:
(a) Beauty: spiral bubble sheets
form from the surface of a marine
propeller (National Physical
Laboratory/Crown Copyright/
Science Source); (b) ugliness:
collapsing bubbles erode a propeller
surface (Flafabri/Alamy Stock
Photo).
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EXAMPLE 1.9

A certain torpedo, moving in fresh water at 10°C, has a minimum-pressure point given
by the formula
Pmin = Po — 0.35 sz (l)

where p, = 115 kPa, p is the water density, and V is the torpedo velocity. Estimate the
velocity at which cavitation bubbles will form on the torpedo. The constant 0.35 is
dimensionless.

Solution

- Assumption:  Cavitation bubbles form when the minimum pressure equals the vapor
pressure p,.

- Approach: Solve Eq. (1) above, which is related to the Bernoulli equation from
Example 1.3, for the velocity when ppin = py. Use Sl units (m, N, kg, s).

- Property values: At 10°C, read Table A.1 for p = 1000 kg/m® and Table A5 for
p, = 1.227 kPa.

- Solution steps: Insert the known data into Eq. (1) and solve for the velocity, using
Sl units:

k
Prin = Py = 1227 Pa = 115,000 Pa — 0.35 (1000 —%) V2, with V in m/s
m

(U500 ~1221) _ e M v = V3B ~180ms  Ans
0.35(1000) & B o |

- Comments: Note that the use of Sl units requires no conversion factors, as discussed
in Example 1.3b. Pressures must be entered in pascals, not kilopascals.

Solve V2 =

No-Slip and No-Temperature-Jump Conditions

When a fluid flow is bounded by a solid surface, molecular interactions cause
the fluid in contact with the surface to seek momentum and energy equilibrium
with that surface. All liquids essentially are in equilibrium with the surfaces they
contact. All gases are, too, except under the most rarefied conditions [18]. Exclud-
ing rarefied gases, then, all fluids at a point of contact with a solid take on the
velocity and temperature of that surface:

Viid = Vaall Thid = Twan (1.35)

These are called the no-slip and no-temperature-jump conditions, respectively.
They serve as boundary conditions for analysis of fluid flow past a solid surface.
Figure 1.16 shows the velocity profiles for a fluid flow over a solid surface with
no-slip and slip conditions. The no-slip boundary condition assumes that the
velocity of the fluid layer in direct contact with the boundary is identical to the
velocity of this boundary (Eq. 1.35). There is no relative movement between the
boundary and this fluid layer; therefore there is no slip. On the other hand, the
slip boundary condition assumes a discontinuity in the velocity function that
results in a relative movement between the fluid and the boundary; therefore there
is slip. The hypothetical vertical distance inside of the boundary at which the
velocity function would effectively reach the velocity of the boundary is referred
to as slip length .
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Fig. 1.16 Schematics of velocity |
: : - /
profiles over a solid surface with I 7
no-slip and slip conditions. v

In some applications, the no-slip condition is partially relaxed in the analysis
of inviscid flow (Chap. 8). The flow is allowed to “slip” past the surface but not
to permeate through the surface

Vnormal (ﬂUId) = Vnormal (SOI Id) (136)

while the tangential velocity V; is allowed to be independent of the wall. The
analysis is much simpler, but the flow patterns are highly idealized.

For high-viscosity newtonian fluids, the linear velocity assumption and the
no-slip conditions can yield some sophisticated approximate analyses for two- and
three-dimensional viscous flows. The following example, for a type of rotating-
disk viscometer, will illustrate.

EXAMPLE 1.10

An oil film of viscosity p and thickness h R lies between a solid wall and a circu-
lar disk, as in Fig. E1.10. The disk is rotated steadily at angular velocity Q. Noting
that both velocity and shear stress vary with radius r, derive a formula for the torque
M required to rotate the disk. Neglect air drag.

Solution

- System sketch:  Figure E1.10 shows a side view (a) and a top view (b) of the system.
- Assumptions: Linear velocity profile, laminar flow, no-slip, local shear stress given

by Eq. (1.23).
Qil film Q
thickness ) r=R
h : : dM = (tdA)r
ri |
1 1
Fixed wall dA = 2mr dr

E1.10 (@)
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- Approach: Estimate the shear stress on a circular strip of width dr and area dA = 2nr
dr in Fig. E1.10b, then find the moment dM about the origin caused by this shear stress.
Integrate over the entire disk to find the total moment M.

- Property values:  Constant oil viscosity L. In this steady flow, oil density is not relevant.

- Solution steps: At radius r, the velocity in the oil is tangential, varying from zero
at the fixed wall (no-slip) to u = Qr at the disk surface (also no-slip). The shear
stress at this position is thus

This shear stress is everywhere perpendicular to the radius from the origin (see Fig. E1.10b).
Then the total moment about the disk origin, caused by shearing this circular strip, can be

found and integrated:

R
dM = (1) (dA)r = (uTQr) (2nr dr)r, M = IdM = % Ir3dr

0

_ MUOR*
~ 2h

Ans.

- Comments: This is a simplified engineering analysis, which neglects possible edge
effects, air drag on the top of the disk, and the turbulence that might ensue if the
disk rotates too fast.

Slip Flow in Rarefied Gases

The “free slip” boundary condition, Eq. (1.36), is an unrealistic mathematical arti-
fice to enable inviscid-flow solutions. However, actual, realistic wall slip occurs
in rarefied gases as shown in Fig. 1.16, where there are too few molecules to
establish momentum equilibrium with the wall. In 1879, the physicist James Clerk
Maxwell used the kinetic theory of gases to predict a slip velocity at the wall:

ou
6Uwall = B?ylwall (1-37)
where € is the mean free path of the gas, and u and x are along the wall. If € is very
small compared to the lateral scale L of the flow, the Knudsen number, Kn = £/L,
is small, and the slip velocity is near zero. We will assign a few slip problems, but
the details of rarefied gas flow are left for further reading in Refs. 18 and 46.

Speed of Sound
In gas flow, one must be aware of compressibility effects (significant density
changes caused by the flow). We shall see in Sec. 4.2 and in Chap. 9 that com-
pressibility becomes important when the flow velocity reaches a significant frac-
tion of the speed of sound of the fluid. The speed of sound a of a fluid is the
rate of propagation of small-disturbance pressure pulses (“sound waves™) through
the fluid. In Chap. 9 we shall show, from momentum and thermodynamic argu-
ments, that the speed of sound is defined by a pressure-density derivative pro-
portional to the isentropic bulk modulus:
»_B_ op _  0p _ G
ST €75 N €75 Rty
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0
where [3 = isentropic bulk modulus = p (ﬁ) .
S

This is true for either a liquid or a gas, but it is for gases that the problem of
compressibility occurs. For an ideal gas, Eq. (1.10), we obtain the simple formula

Qideal gas = (kRT)llz (1-38)

where R is the gas constant, Eq. (1.11), and T the absolute temperature. For
example, for air at 20°C, a = {(1.40)[287 m?/(s® - K)](293 K)}"2 = 343 m/s (1126
ft/s = 768 mi/h). If, in this case, the air velocity reaches a significant fraction of
a, say, 100 m/s, then we must account for compressibility effects (Chap. 9).
Another way to state this is to account for compressibility when the Mach num-
ber, Ma = V/a, of the flow reaches about 0.3.

The speed of sound of water is tabulated in Table A.5. For near perfect gases,
like air, the speed of sound is simply calculated by Eq. (1.38). Many liquids have
their bulk modulus listed in Table A.3. Note, however, as discussed in Ref. 45,
even a very small amount of dissolved gas in a liquid can reduce the mixture
speed of sound by up to 80 percent.

EXAMPLE 1.11

A commercial airplane flies at 540 mi/h at a standard altitude of 30,000 ft. What is its
Mach number?

Solution

- Approach: Find the “standard” speed of sound; divide it into the velocity, using
proper units.

- Property values: From Table A.6, at 30,000 ft (9144 m), a = 303 m/s. Check this
against the standard temperature, estimated from the table to be 229 K. From
Eq. (1.38) for air,

a = [kR,T]"? = [1.4(287)(229)]"% = 303 m/s.
- Solution steps:  Convert the airplane velocity to m/s:

V = (540 mi/h)[0.44704 m/s/(mi/h)] = 241 m/s.
Then the Mach number is given by

Ma = V/a = (241 m/s)/(303 m/s) = 0.80 Ans.
- Comments: This value, Ma = 0.80, is typical of present-day commercial airliners.

1.8 Flow Patterns: Streamlines, Pathlines, and Streaklines
Fluid mechanics is a highly visual subject. The patterns of flow can be visualized
in a dozen different ways, and you can view these sketches or photographs and
learn a great deal qualitatively and often quantitatively about the flow.

Four basic types of line patterns are used to visualize flows:

1. Astreamline is a line everywhere tangent to the velocity vector at a given instant.
2. A pathline is the actual path traversed by a given fluid particle.



42 Chapter 1 Introduction

Fig. 1.17 The most common method
of flow-pattern presentation:

(a) Streamlines are everywhere
tangent to the local velocity vector;
(b) a streamtube is formed by a
closed collection of streamlines.

No flow across
streamtube walls

Individual
streamline

\%
(@) (b)
3. A streakline is the locus of particles that have earlier passed through a pre-

scribed point [33].
4. A timeline is a set of fluid particles that form a line at a given instant.

The streamline is convenient to calculate mathematically, while the other three are
easier to generate experimentally. Note that a streamline and a timeline are instanta-
neous lines, while the pathline and the streakline are generated by the passage of time.
A pathline can be found by a time exposure of a single marked particle moving
through the flow. Streamlines are difficult to generate experimentally in unsteady flow
unless one marks a great many particles and notes their direction of motion during a
very short time interval [32]. In steady flow, where velocity varies only with position,
the situation simplifies greatly:

Streamlines, pathlines, and streaklines are identical in steady flow.

In fluid mechanics the most common mathematical result for visualization
purposes is the streamline pattern. Figure 1.17a shows a typical set of streamlines,
and Fig. 1.17b shows a closed pattern called a streamtube. By definition the fluid
within a streamtube is confined there because it cannot cross the streamlines; thus
the streamtube walls need not be solid but may be fluid surfaces.

Figure 1.18 shows an arbitrary velocity vector. If the elemental arc length dr of
a streamline is to be parallel to V, their respective components must be in proportion:
dx _dy dz dr

=— (1.39)

Streamline:
u v w Vv

If the velocities (u, v, w) are known functions of position and time, Eq. (1.39)
can be integrated to find the streamline passing through the initial point (X,
Yo, Zo, o). The method is straightforward for steady flows but may be labori-
ous for unsteady flow.

Flow Visualization

Clever experimentation can produce revealing images of a fluid flow pattern, as
shown earlier in Figs. 1.15a and 1.16. For example, streaklines are produced by
the continuous release of marked particles (dye, smoke, or bubbles) from a given
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\
Fig. 1.18 Geometric relations for

defining a streamline.

X

point. If the flow is steady, the streaklines will be identical to the streamlines and
pathlines of the flow.
Some methods of flow visualization include the following [34-38]:

Dye, smoke, or bubble discharges.
Surface powder or flakes on liquid flows.
Floating or neutral-density particles.

Optical techniques that detect density changes in gas flows: shadowgraph,
schlieren, and interferometer.

Tufts of yarn attached to boundary surfaces.
Evaporative coatings on boundary surfaces.
Luminescent fluids, additives, or bioluminescence.
Particle image velocimetry (PI1V).

Ao

o N o g

Figure 1.15a was visualized by bubble releases. Figure 1.19 illustrates the huge
size of the wingtip vortices from the wing of an agricultural plane [42]. The
visualization is made by a technique that uses colored smoke rising from the
ground. The swirl at the wingtip traces the aircraft’s wake vortices, which exerts
a powerful influence on the flow field behind the plane. The wingtip vortices can
pose a hazard to aircraft, especially during the landing and takeoff phases of
flight. NASA researchers studied wake vortices in actual flight tests in research
aircraft. Their goal is to fully understand the phenomenon, then use that knowl-
edge to create an automated system that could predict changing wake vortex
conditions at airports.

Mathematical details of streamline/streakline/pathline analysis are given in
Ref. 33. References 39-41 are beautiful albums of flow photographs. References
34-36 are monographs on flow visualization techniques.

Fluid mechanics is a marvelous subject for visualization, not just for still
(steady) patterns, but also for moving (unsteady) motion studies. An outstanding
list of available flow movies and videotapes is given by Carr and Young [43].
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Fig. 1.19 Visualization of wingtip
vortices, illustrating the huge size of
the vortices produced during takeoff
phase of an airplane. (NASA)

1.9 Basic Flow Analysis Techniques

Forces and motion are the main focuses in both solid and fluid mechanics. For
solid mechanics, we have used the free-body diagram extensively for the analysis.
But for fluid mechanics, we will use a system or a control volume, depending on
the problem being analyzed. The relations between the forces and motion are
governed by conversion of mass and Newton’s second law of motion. However,
the expressions of these basic laws in a system or a control volume is different.

Integral and Differential Approaches
In analyzing fluid motion with a control volume, we might take one of two
approaches: (1) formulating the basic laws of fluid mechanics in a finite region,
making a balance of flow in versus flow out, and determining gross flow effects
such as the force or torque on a body or the total energy exchange; or (2) formulat-
ing the basic laws of fluid mechanics in an infinitesimal control volume, and seek-
ing to describe the detailed flow pattern at every point (X, y, z) in the flow fluid.
In the first case the resulting equations are integral formulations of the basic
laws introduced in detail in Chap. 3. An example of applications might be the
overall anchoring force required for a section of pipes or the mass flow rate for
an open jet. The second case is the “differential” approach and is developed in
Chap. 4. The resulting equations are differential equations. Solution of the dif-
ferential equations of fluid motion provides a means of determining the detailed
behavior of the flow field. An example might be the pressure distribution on an
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airplane wing surface or the velocity distribution in a ventilated clean room.
These approaches, together with the experimental study based on the dimensional
analysis and similarity introduced in Chap. 5, construct the basic flow analysis
techniques for fluid mechanics and provide necessary means to solve different
types of complex fluid dynamics problems.

It should be noted that with the availability of powerful computers it is fea-
sible to solve the differential equations using the techniques of numerical analy-
sis known as CFD. Although it is beyond the scope of this book to look extensively
into this approach, the reader should be aware that CFD has become a common
engineering tool for a large class of fluid flow, heat, and mass transfer problems.

Basic Laws Governing the Fluid Motion
In all cases, the flow must satisfy the three basic laws of mechanics plus a ther-
modynamic state relation and associated boundary conditions:

Conservation of mass (continuity).

Linear momentum (Newton’s second law).

First law of thermodynamics (conservation of energy).

A state relation like p = p(p, T).

5. Appropriate boundary conditions at solid surfaces, interfaces, inlets, and exits.

AW e

In integral and differential analyses, these five relations are modeled mathe-
matically and solved by computational methods. In an experimental study, the
fluid itself performs this task without the use of any mathematics. In other
words, these laws are believed to be fundamental to physics, and no fluid flow
is known to violate them.

1.10 The Fundamentals of Engineering (FE) Examination

The road toward a professional engineer’s license has a first stop, the Fundamen-
tals of Engineering Examination, known as the FE exam. It was formerly known
as the Engineer-in-Training (E-I-T) Examination. This eight-hour national test will
probably soon be required of all engineering graduates, not just for licensure, but
as a student assessment tool. The 120-problem, four-hour morning session covers
many general studies:

Mathematics—15% Ethics and business Material properties—7%
practices—7%
Engineering probability Engineering Fluid mechanics—7%
and statistics—7% economics—38%
Chemistry—9% Engineering Electricity and
mechanics—10% magnetism—9%
Computers—7% Strength of Thermodynamics—7%

materials—7%

For the 60-problem, four-hour afternoon session you may choose one of seven
modules: chemical, civil, electrical, environmental, industrial, mechanical, and
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other/general engineering. Note that fluid mechanics is an integral topic of the
examination. Therefore, for practice, this text includes a number of end-of-chapter
FE problems where appropriate.

The format for the FE exam questions is multiple-choice, usually with five
selections, chosen carefully to tempt you with plausible answers if you used
incorrect units, forgot to double or halve something, are missing a factor of m, or
the like. In some cases, the selections are unintentionally ambiguous, such as the
following example from a previous exam:

Transition from laminar to turbulent flow occurs at a Reynolds number of
(A)900 (B) 1200 (C) 1500 (D) 2100 (E) 3000

The “correct” answer was graded as (D), Re = 2100. Clearly the examiner was
thinking, but forgot to specify, Req for flow in a smooth circular pipe, since (see
Chaps. 6 and 7) transition is highly dependent on geometry, surface roughness,
and the length scale used in the definition of Re. The moral is not to get peevish
about the exam but simply to go with the flow (pun intended) and decide which
answer best fits an undergraduate training situation. Every effort has been made
to keep the FE exam questions in this text unambiguous.

1.11 The History of Fluid Mechanics

Many distinguished workers have contributed to the development of fluid mechan-
ics. If you are a student, however, this is probably not the time to be studying
history. Later, during your career, you will enjoy reading about the history of, not
just fluid mechanics, but all of science. Here are some names that will be
mentioned as we encounter their contributions in the rest of this book.

Name Important Contribution
Archimedes (285-212 BC) Established laws of buoyancy and floating bodies.
Leonardo da Vinci (1452-1519) Formulated the first equation of continuity.
Isaac Newton (1642-1727) Postulated the law of linear viscous stresses.
Leonhard Euler (1707-1783) Developed Bernoulli’s equation by solving the basic
equations.
L. M. H. Navier (1785-1836) Formulated the basic differential equations of
viscous flow.
Jean Louis Poiseuille (1799-1869) Performed first experiments on laminar flow in tubes.
Osborne Reynolds (1842-1912) Explained the phenomenon of transition to turbulence.
Ludwig Prandtl (1875-1953) Formulated boundary-layer theory, predicting flow
separation.
Theodore von Karman (1881-1963) Major advances in aerodynamics and turbulence theory.

References 12-15 provide a comprehensive treatment of the history of fluid
mechanics.

Summary

This chapter has discussed the behavior of a fluid—which, unlike a solid, must move
if subjected to a shear stress—and the important fluid properties. The writer believes
the most important property t