FIGURE 1-12
The Wright brothers take
flight at Kitty Hawk.

Courtesy Library of Congress Prints &
Photographs Division [LC-DIG-ppprs-00626].
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FIGURE 1-13

'Old and new wind turbine technologies
north of Woodward, OK. The modern
turbines have up to 8 MW capacities.

Photo courtesy of the Oklahoma Wind Power
Initiative. Used by permission.
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their work also explored the links between fluid mechanics, thermody

ics, and heat transfer.
The dawn of the twentieth century brought two “,lonumem?ll (11;\1131.0 %T:SI:
First, in 1903, the self-taught Wright brothers (Wilbur, 1867=171% y

1871-1948) invented the airplane through application of theory and dgtel;j
mined experimentation. Their primitive invention was compleFe and containe
all the major aspects of modern aircraft (Fig. 1-12). The Nav;gr—.StokeS eqlua-
tions were of little use up to this time because they were too difficult to solve.
In a pioneering paper in 1904, io Prandtl (1875-1953)
showed that fluid flows can be divided into a layer near the walls, the bound-
ary layer, where the friction effects are significant, and an outer layer wl.lerc
such effects are negligible and the simplified Euler and Bernoulli equations
are applicable. His students, Theodor von Kérmén (1881-1963), Paul Blasius
(1883-1970), Johann Nikuradse (1894-1979), and others, built on that theory
in both hydraulic and aerodynamic applications. (During World War II, both
sides benefited from the theory as Prandtl remained in Germany while his
best student, the Hungarian-born von Kéarmén, worked in America.)

The mid twentieth century could be considered a golden age of fluid
mechanics applications. Existing theories were adequate for the tasks at
hand, and fluid properties and parameters were well defined. These sup-
ported a huge expansion of the aeronautical, chemical, industrial, and
water resources sectors; each of which pushed fluid mechanics in new
directions. Fluid mechanics research and work in the late twentieth century
were dominated by the development of the digital computer in America.
The ability to solve large complex problems, such as global climate mod-
eling or the optimization of a turbine blade, has provided a benefit to our
society that the eighteenth-century developers of fluid mechanics could
never have imagined (Fig. 1-13). The principles presented in the following
pages have been applied to flows ranging from a moment at the micro-
scopic scale to 50 years of simulation for an entire river basin. It is truly
mind-boggling.

Where will fluid mechanics go in the twenty-first century and beyond?
Frankly, even a limited extrapolation beyond the present would be sheer folly.
However, if history tells us anything, it is that engineers will be applying
what they know to benefit society, researching what they, don’t know, and
having a great time in the process. /

1-3 = THE NO-SLIP CONDITION

Fluid flow is often confined by solid surfaces, and it is important to under-
stand how the presence of solid surfaces affects fluid flow. We know that
water in a river cannot flow through large rocks, and must go around them.
That is, the water velocity normal to the rock surface must be zero, and
water approaching the surface normally comes to a complete stop at the sur-
face. What is not as obvious is that water approaching the rock at any angle
also comes to a complete stop at the rock surface, and thus the tangential
velocity of water at the surface is also zero.

Consider the flow of a fluid in a stationary pipe or over a solid surface
that is nonporous (i.e., impermeable to the fluid). All experimental observa-
tions indicate that a fluid in motion comes to a complete stop at the surface



and assumes a zero velocity relative to the surface. That is, a fluid in direct
contact with a solid “sticks” to the surface, and there is no slip. This is
k:?own as Fhe no-slip condition. The fluid property responsible for the no-
Sl.lp condition and the development of the boundary layer is viscosity and is
discussed in Chap. 2.

-The photograph in Fig. 1-14 clearly shows the evolution of a velocity gra-
dient as a result of the fluid sticking to the surface of a blunt nose. The layer
that sticks to the surface slows the adjacent fluid layer because of viscous
forces between the fluid layers, which slows the next layer, and so on. A
consequence of the no-slip condition is that all velocity profiles must have
zero values with respect to the surface at the points of contact between a
fluid and a solid surface (Fig. 1-15). Therefore, the no-slip condition is
responsible for the development of the velocity profile. The flow region
adjacent to the wall in which the viscous effects (and thus the velocity gra-
dients) are significant is called the boundary layer. Another consequence
of the no-slip condition is the surface drag, or skin friction drag, which is
the force a fluid exerts on a surface in the flow direction.

When a fluid is forced to flow over a curved surface, such as the back
side of a cylinder, the boundary layer may no longer remain attached to the
surface and separates from the surface—a process called flow separation
(Fig. 1-16). We emphasize that the no-slip condition applies everywhere
along the surface, even downstream of the separation point. Flow separation
is discussed in greater detail in Chap. 9.

A phenomenon similar to the no-slip condition occurs in heat transfer.
When two bodies at different temperatures are brought into contact, heat
transfer occurs such that both bodies assume the same temperature at the
points of contact. Therefore, a fluid and a solid surface have the same tem-
perature at the points of contact. This is known as no-temperature-jump

condition. V

1-4 = CLASSIFICATION OF FLUID FLOWS

Earlier we defined fluid mechanics as the science that deals with the behav-
ior of fluids at rest or in motion, and the interaction of fluids with solids or
other fluids at the boundaries. There is a wide variety of fluid flow prob-
lems encountered in practice, and it is usually convenient to classify them
on the basis of some common characteristics to make it feasible to study
them in groups. There are many ways to classify fluid flow problems, and

here we present some general categories.

Separation point

FIGURE 1-16
Flow separation during flow over a curved surface.

From Head, Malcolm R. 1982 in Flow Visualization II, W. Merzkirch. Ed.,
399403, Washington: Hemisphere.

FIGURE 1-14

The development of a velocity profile
due to the no-slip condition as a fluid
flows over a blunt nose.

“Hunter Rouse: Laminar and Turbulence Flow
Film.” Copyright IIHR-Hydroscience & Engineer-
ing. The University of lowa. Used by permission.
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FIGURE 1-15

A fluid flowing over a stationary
surface comes to a complete stop at
the surface because of the no-slip
condition.
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FIGURE 1-17

The flow of an originally uniform
fluid stream over a flat plate, and
the regions of viscous flow (next to
the plate on both sides) and inviscid
flow (away from the plate).

Fundamentals of Boundry Layers,
National Committee for Fluid Mechanics Films,
© Education Development Center.

FIGURE 1-18

External flow over a tennis ball, and
the turbulent wake region behind.
Courtesy of NASA and Cislunar Aerospace, Inc.

Viscous versus Inviscid Regions of Flow £y
When two fluid layers move relative to each other, a friction force 1eve -
ops between them and the slower layer tries to slow d_own the fastc?r ayer.
This internal resistance to flow is quantified by the fluid [.)l‘OPe.fty ‘WSCOS”)’»
which is a measure of internal stickiness of the fluid. Viscosity 1 cause_d
by cohesive forces between the molecules in liquids and by moIecul_ar colli-
sions in gases. There is no fluid with zero viscosity, and thus all fluid flows
involve viscous effects to some degree. Flows in which the frictional effech
are significant are called viscous flows:However, T Ty fiuvs{s of practi-
cal interest, there are regions (typically regions not close to solid surfaces)
where viscous forces are negligibly small compared to inertial or pressure
forces. Neglecting the viscous terms in such inviscid flow regions greatly
simplifies the analysis without much loss in accuracy.

The development of viscous and inviscid regions of flow as a result of
inserting a flat plate parallel into a fluid stream of uniform velocity is shown
in Fig. 1-17. The fluid sticks to the plate on both sides because of the no-slip
condition, and the thin boundary layer in which the viscous effects are signifi-
cant near the plate surface is the viscous flow region. The region of flow on
both sides away from the plate and largely unaffected/by the presence of the
plate is the inviscid flow region.

Internal versus External Flow
A fluid flow is classified as being internal or external, depending on whether
the fluid flows in a confined space or over a surface. The flow of an
unbounded fluid over a surface such as a plate, a wire, or a pipe is external
flow. The flow in a pipe or duct is internal flow if the fluid is bounded
by solid surfaces. Water flow in a pipe, for example, is internal flow, and
airflow over a ball or over an exposed pipe during a windy day is external
flow (Fig. 1-18). The flow of liquids in a duct is called open-channel flow if
the duct is only partially filled with the liquid and there is a free surface. The
flows of water in rivers and irrigation ditches are examples of such flows.
Internal flows are dominated by the influence of viscosity throughout
the flow field. In external flows the viscous effects are limited to boundary
layers near solid surfaces and to wake regions downst eam of bodies.

Compressible versus Incompressible Flow

A flow is classified as being compressible or incompressible, depending
on the level of variation of density during flow. Incompressibility is an
approximation, in which the flow is said to be incompressible if the density
remains nearly constant throughout. Therefore, the volume of every portion
of fluid remains unchanged over the course of its motion when the flow is
approximated as incompressible.

The densities of liquids are essentially constant, and thus the flow of lig-
uids is typically incompressible. Therefore, liquids are usually referred to as
incompressible substances. A pressure of 210 atm, for example, causes the
density of liquid water at 1 atm to change by just 1 percent. Gases, on tbe
other hand, are highly compressible. A pressure change of just 0.0} atm, for
example, causes a change of 1 percent in the density of atmospheric air.
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When analyzing rockets, spacecraft, and other systems that involve high-

speeq gas t‘”lows (Fig. 1-19), the flow speed is often expressed in terms of
the dimensionless Mach number defined as

Ma =

B Speed of flow
¢ Speed of sound 3

where c is the speed of sound whose value is 346 m/s in air at room tempera-
ture at sea level. A flow is called sonic when Ma = 1, subsonic when Ma < 1,
supersonic when Ma > 1, and hypersonic when Ma > 1. Dimensionless
parameters are discussed in detail in Chap. 7. Compressible flow is discussed
in detail in Chap. 12.

Liquid flows are incompressible to a high level of accuracy, but the level  gcpjieren image of the spherical shock
of variation of density in gas flows and the consequent level of approxi- wave produced by a bursting ballon
mation made when modeling gas flows as incompressible depends on the at the Penn State Gas Dynamics Lab.
Mach number. Gas flows can often be approximated as incompressible if the Several secondary shocks are seen in

FIGURE 1-19

density changes are under about 5 percent, which is usually the case when the air surrounding the ballon.
Ma < 0.3. Therefore, the compressibility effects of air at room tempera- © G.S. Settles, Gas Dynamics Lab, Penn State
ture can be neglected at speeds under about 100 m/s. Compressibility effects University. Used with permission.

should never be neglected for supersonic flows, however, since compress-
ible flow phenomena like shock waves occur (Fig. 1-19).

Small density changes of liquids corresponding to large pressure changes
can still have important consequences. The irritating “water hammer” ina
water pipe, for example, is caused by the vibrations of the pipe generated by
the reflection of pressure waves following the sudden closing of the valves.

Laminar versus Turbulent Flow __ —
Some flows are smooth and orderly while others are rather chaotic. The
highly ordered fluid motion characterized by smooth layers of fluid is called

laminar. The word laminar comes from the movement of adjacent fluid \ — 9 e |
particles together in “laminae.” The flow of high-viscosity fluids such as e
Transitional

oils at low velocities is typically laminar. The highly disordered fluid motion
that typically occurs at high velocities and is characterized by velocity fluc-
tuations is called turbulent (Fig. 1-20). The flow of low-viscosity fluids
such as air at high velocities is typically turbulent. A flow that alternates
between being laminar and turbulent is called transitional. The experiments
conducted by Osborne Reynolds in the 1880s resulted in the establishment
of the dimensionless Reynolds number, Re, as the key parameter for the

determination of the flow regime in pipes (Chap. 8)Z/'" FIGURE 1-20

Laminar, transitional, and turbulent
flows over a tlat plate.
Natural (or Unforced) versus Forced Flow i, P R
A fluid flow is said to be natural or forced, depending on how the fluid
motion is initiated. In forced flow, a fluid is forced to flow over a surface
or in a pipe by external means such as a pump or a fan. In natural flows,
fluid motion is due to natural means such as the buoyancy effect, which
manifests itself as the rise of warmer (and thus lighter) fluid and the fall of
cooler (and thus denser) fluid (Fig. 1-21). In solar hot-water systems, for
example, the thermosiphoning effect is commonly used to replace pumps by
placing the water tank sufficiently above the solar collectors.

RS s s it AU S B SRR <oyt
Turbulent
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FIGURE 1-21

In this schlieren image of a girl in a
swimming suit, the rise of lighter,
warmer air adjacent to her body
indicates that humans and warm-
blooded animals are surrounded by
thermal plumes of rising warm air.

© G.S. Settles, Gas Dynamics Lab,
Penn State University. Used with permission.

FIGURE 1-22

Comparison of (a) instantaneous
snapshot of an unsteady flow, and
(b) long exposure picture of the

same flow.
Photos by Eric G. Paterson. Used by permission.

Steady versus Unsteady Flow "
The terms steady and uniform are used frequently in engineering, and thus
it is important to have a clear understanding of their meanings. The term
steady implies no change of properties, velocity, temperatur.e, etc.,' at a point
with time. The opposite of steady is unsteady. The term uplform 1mp11_es no
change with location over a specified region. These meanings are consistent
with their everyday use (steady girlfriend, uniform distribution, etc.).

The terms unsteady and transient are often used interchangeably, but these
terms are not synonyms. In fluid mechanics, unsteady is the most general term
that applies to any flow that is not steady, but transient is typically used for
developing flows. When a rocket engine is fired up, for example, there are tran-
sient effects (the pressure builds up inside the rocket engine, the flow accelerates,
etc.) until the engine settles down and operates steadily. The term periodic refers
to the kind of unsteady flow in which the flow oscillates about a steady mean.

Many devices such as turbines, compressors, boilers, condensers, and heat
exchangers operate for long periods of time under the same conditions, and they
are classified as steady-flow devices. (Note that the flow field near the rotating
blades of a turbomachine is of course unsteady, but we consider the overall
flow field rather than the details at some localities when we classify devices.)
During steady flow, the fluid properties can change from point to point within
a device, but at any fixed point they remain constant. Therefore, the volume,
the mass, and the total energy content of a steady-flow device or flow section
remain constant in steady operation. A simple analogy is shown in Fig. 1-22.

Steady-flow conditions can be closely approximated by devices that are
intended for continuous operation such as turbines, pumps, boilers, condens-
ers, and heat exchangers of power plants or refrigeration systems. Some
cyclic devices, such as reciprocating engines or compressors, do not sat-
isfy the steady-flow conditions since the flow at the inlets and the exits is
pulsating and not steady. However, the fluid properties vary with time in a

(a)



