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Part |
Fluid Mechanics and Fluid Machines

1.1 Definition of a Fluid and
Classification of Fluid Flow

A fluid is a substance that deforms continuously when subjected to a
shear stress, no matter how small that shear stress may be. A shear force
is the force component tangent to a surface, and this force divided by the
area of the surface is the average shear stress over the area. Shear stress

at a point is the limiting value of shear force to area as the area is reduced
to the point.
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Fig. 11 Deformation resulting from spplication of constant shear foroe.

In Fig. 1-1 a substance is placed between two closely spaced paral-
lel plates, so large that conditions at their edges may be neglected. The
lower plate is fixed, and a force F is applied to the upper plate, which
exerts a shear /A on any substance between the plates. A is the area of
the upper plate. When the force F causes the upper plate to move with a
steady (nonzero) velocity, no matter how small the magnitude of F, one

. 1 .



may conclude that the substance between the two plates is a fluid.

The fluid in immediate contact with a solid boundary has the same
velocity as the boundary, i.e., there is no slip at the boundary. This is
an experimental fact which has been verified in countless tests with vari-
ous kinds of fluids and boundary materials. The fluid in the area abed
flows to the new position ab’c’d, each fluid particle moving parallel to
the plate and velocity u varying uniformly from zero at the stationary plate
to U at the upper plate. Experiments show that, other quantities being
held constant, F is directly proportional to A and to U and is inversely
proportional to thickness ¢. In equation form

F=p j%]
in which g is the proportionality factor and includes the effect of the par-
ticular fluid. If v = F/A for the shear stress,

T=p U

t

The ratio U/t is the angular velocity of line ab, or it is the rate of angu-
lar deformation of the fluid, i.e., the rate of decrease of angle bad . The
angular velocity may also be written du/dy, as both U/t and du/dy
express the velocity change divided by the distance over which the change
occurs. However, du/dy is more general, as it holds for situations in
which the angular velocity and shear stress change with y. The velocity
gradient du/dy may also be visualized as-the rate at which one layer
moves relative to an adjacent layer. In differential form,

TEH g, (1-1)
is the relation between shear stress and rate of angular deformation for
one-dimensional flow of a fluid. The proportionality factor u is called the
viscosity of the fluid, and Eq. (1-1) is Newton’s law of viscosity.

Materials other than fluids cannot satisfy the definition of a fluid. A
..



plastic substance will deform a certain amount proportional to the force,
but not continuously when the stress applied is below its yield shear
stress. Acomplete vacuum between the plates would cause deformation at
an ever-increasing rate. If sand were placed between the two plates,
Coulomb friction would require a finite force to cause a continuous mo-
tion. Hence, plastics and solids are excluded from the classification of
fluids.

Fluids may be classified as Newtonian or non-Newtonian. In New-
tonian fluid there is a linear relation between the magnitude of applied
shear stress and the resulting rate of angular deformation (g constant in
Eq. 1-1). In non-Newtonian fluid there is a nonlinear relation between
the magnitude of applied shear stress and the rate of angular deformation.

An ideal plastic has a definite yield stress and a constant linear rela-
tion of 7 to du/dy. A thixotropic substance, such as printer’s ink, has
a viscosity that is dependent upon the immediately prior angular deforma-
tion of the substance and has a tendency to take a set when at rest. Gases
and thin liquids tend to be Newtonian fluids, while thick long-chained
hydrocarbons may be non-Newtonian.

For purposes of analysis, the assumptidn is frequently made that a
fluid is nonviscous. With zero viscosity the shear stress is always zero,
regardless of the motion of the fluid. If the fluid is considered to be non-
viscous, it is then called an ideal fluid.

Fluid flow may be classified in many ways, such as steady or non-
steady, rotational or irrotational, compressible or incompressible, and
viscous or nonviscous.

Fluid flow can be steady or nonsteady. When the fluid velocity at
any given point is constant in time, the fluid motion is said to be steady.
That is, at any given point in a steady flow the velocity of each passing
fluid particle is always the same. At some other point a particle may tra-
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vel with a different velocity, but every other particle which passes this
second point behaves there just as this particle did when it passed this
point. These conditions can be achieved at low flow speeds, a gently
flowing stream is an example. In nonsteady flow, as in a tidal bore, the
velocities are a function of the time. In the case of turbulent flow, such
as rapids or a waterfall, the velocities vary erratically from point to point
as well as from time to time.

Fluid flow can be rotational or irrotational. If the element of fluid at
each point has no net angular velocity about that point, the fluid flow is
irrotational. We can imagine a small paddle wheel immersed in the mov-
ing fluid. If the wheel moves without rotating, the motion is irrotational ;
otherwise it is rotational. Rotational flow includes vortex motion, such as
whirlpools.

Fluid flow can be compressible or incompressible, Liquids can usu-
ally be considered as flowing incompressible. But even a highly compress-
ible gas may sometimes undergo unimportant changes in density. Its flow
is then practically incompressible. In flight at speeds much lower than the
speed of sound in air (described by subsonic aerodynamics), the motion
of the air relative to the wmgs is one of nearly incompressible flow.

Fluid flow can be viscous or nonviscous. Viscosity in fluid motion is
the analogy of friction in the motion of solids. In many cases, such as in
lubrication problems, it is extremely important. Sometimes, however, it
is negligible. Viscosity introduces tangential forces between layers of fluid
in relative motion and results in dissipation of mechanical energy.



1.2 Historical Development of Fluid Mechanics

The science of fluid mechanics began with the need to control water
for irrigation and navigation purposes in ancient China, Egypt,
Mesopotamia, and India. Although these civilizations understood the na-
ture of channel flow, there is no evidence that any quantitative relation-
ships had been developed to guide them in their work. It was not until
250 B. C. that Archimedes discovered and recorded the principles of hy-
drostatics and buoyancy. In spite of the fact that the empirical under-
standing of hydrodynamics continued to improve with the development of
fluid machinery, better sailing vessels, and more intricate canal systems,
the fundamental principles of classical hydrodynamics were not founded
until the seventeenth and eighteenth centuries. Newton, Daniel Bemoul-
li, and Leonard Euler made the greatest contributions to the founding of
these principles.

In the nineteenth century, two schools of thought arose in the treat-
ment of fluid mechanics, one dealing with the theoretical and the other
with practical aspects of fluid flow. Classical hydrodynamics, though a
fascinating subject that appealed to mathematicians, was not applicable to
many practical problems because the theory was based on inviscid fluids.
The practicing engineers at that time needed design procedures that in-
volved the flow of viscous fluids; consequently, they developed empirical
equations that were usable but narow in scope. Thus, on the one hand,
the mathematicians and physicists developed theories that in many cases
could not be used by the engineers, and on the other hand, engineers
used empirical equations that could not be used outside the limited range
of application from which they were derived. In a sense, these two
schools of thought have persisted to the present day, resulting in the
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mathematical field of hydrodynamics and the practical science of hy-
draulics. :

Near the beginning of the twentieth century, however, it was neces-
sary to merge the general approach of the physicists and mathematicians
with the experimental approach of the engineer to bring about significant
advances in the understanding of flow processes. Osbome Reynolds’ pa-
per in 1883 on turbulence and later papers on the basic equations of
liquid motion contributed immeasurably to the development of fluid me-
chanics. After the tum of the century, in 1904, Ludwing Prandil pro-
posed the concept of the boundary layer. In his short, convincing paper
Prandtl, at a stroke, provided an essential link between ideal and real
fluid motion for fluids with a small viscosity and provided the basis for
much of modern fluid mechanics.

The development of fluid mechanics in the twentieth century may be
divided into four periods.

Low speed aerodynamics, 1900 ~ 1935

The first development of fluid mechanics was closely associated with
aeronautical science. Because of the stringent requirement on weight, one
needs reliable theoretical prediction to practical problems. As a result,
one has to combine the essential features of old hydrodynamics and hy-
draulics into one rational science of fluid mechanics. Some of the impor-
tant developments in these periods are: (a) Prandtl’s boundary layer the-
ory; (b) Kutta-Joukowski’s wing theory to explain the phenomenon of air
lift; (c) the theory of turbulent flow by von Kérmén and others. In this
period, the velocity of the fluid flow is low and the temperature difference
in the flow is small. Consequently, we may neglect the compressibility ef-
fect of the fluid. Both the gas and the liquid may be treated by the same
method of analysis. There is practically no difference in principle for hy-

. 6 .



drodynamics and aerodynamics.
Aerothermodynamics, 1935 ~ 1950

The speed of the gas flow was gradually increased from subsonic to
supersonic speed. The compressibility effect of the gas is no longer negli-
gible. We have to treat gas and liquid separately. For gasdynamics, we
have to consider the mechanics of the flow simultaneously with the ther-
modynamics of the gas. Hence. the term of aerothermodynamics was
suggested for this new branch of fluid mechanics. In this field the most
important parameter is the Mach number. However, the temperature range
of the gas or air was still below 2 000K and the air may be considered as
an ideal gas with constant specific heat. The molecular structure has very
little influence on the gas flow and we may use the same formula to deal
with monatomic gas and polyatomic gas. Many new phenomena, such as
shock wave, supersonic flow, etc. , were analyzed in this period.

Physics of fluid, 1950 ~ 1960

This is the start of the space age. The speed of the flow and the tem-
perature of the fluid are high enough so that we have to consider the inter-
action of mechanics of fluid with other branches of physics and that the
molecular structure of the gas has a large influence on the fluid flow. We
have to consider the influence on dissociation, ionization, and thermal ra-
diation. New subjects such as aerothermochemistry, magnetogasdynamics,
and plasma dynamics, and radiation gasdynamics have been extensively
studied. We have to deal with the whole physics of fluids.

New era of fluid mechanics, 1960 and on

In the above three periods, our main interests are still the flow of
fluids which consists of liquid, gas, or plasma only. During the recent
7.



years, the interest of many technical developments is so broad that we
have to deal with flow problems beyond those of fluid alone. For instance,
we have to deal with the mixture of solid and fluid, the so-called two-
phase flow. In many rheological problems, the fluids behave partly as or-
dinary fluid and partly as solid. In the above three periods, we treat the
fluid flow problems mainly according to the principles of classical physics.
In many new problems of fluid flow, we have to consider the principles
beyond those of classical physics such as superfluid for which the quantum
effects are important even for macroscopic properties ( quantum fluid me-
chanics) ; relativistic fluid mechanics in which the relativistic mechanics
should be used because the velocity of the flow is no longer negligible in
comparison with the speed of light. We are also interested in bio-fluid
mechanics in which we study the interaction between the physical science
of fluid flow and biological science. Modem developments in fluid me-
chanics, as in all fields, involve the use of high-speed computers in the
solution of problems. Remarkable progress has been made in this area,
and there is an increasing use of the computer in fluid dynamic design.

It should be noted that even though we divide the development of
modem fluid mechanics into the above four periods, there are overlaps in
time for these periods as far as the study of various subjects are con-
cemed. For instance, the study of turbulent flow of low speed fluid flow
which was one of the major subjects in the first period is still a very active
research subject at the present time and many basic problems are far from
being solved yet.



1.3 The Characterstics of Fluids

A fluid is a substance which may flow;that is , its constituent parti-
cles may continuously change their positions relative to one another.
Moreover, it offers no lasting resistance to the displacement, however
great, of one layer over another. This means that, if the fluid is at rest,
no shear force (that is a force tangential to the surface on which it acts)
can exist in it. A solid, on the other hand, can resist a shear force while
at rest; the shear force may cause some displacement of one layer over an-
other, but the material does not continue to move indefinitely. In a fluid,
however, shear forces are possible only while relative movement between
layers is actually taking place. A fluid is further distinguished from a
solid in that a given amount of it owes its shape at any particular time to
that of a vessel containing it, or to forces which in some way restrain its
movement .

The distinction between solids and fluids is usually clear, but there
are some substances not easily classified. Some fluids, for example, do
not flow easily: thick tar or pitch may at times appear to behave like a
solid. A block of such a substance may be placed on the ground, but, al-
though its flow would take place very slowly, yet over a period of time—
pethaps several days—it would spread over the ground by the action of
gravity, that is, its constituent particles would change their relative posi-
tions. On the other hand, certain solids may be made to “flow” when a
sufficiently large force is applied; these are known as plastic solids .

Even so, the essential difference between solids and fluids remains.
Any fluid, no matter how “thick” or viscous it is , begins to flow, even if
imperceptibly, under the action of the slightest net shear force. More-
over, a fluid continues to flow as long as such a force is applied. A solid,

. 9 .



