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Part I Basic Knowledge

Lesson 1 Characteristics of Fluids

[1] A fluid is a substance which may flow, that is, its constituent particles may cbntinuously
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 another, 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. v

[2] 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,
although its flow would take place very slowly, yet over a period of time, perhaps several
days, it would spread over the ground by the action of gravity, that is, its constituent particles
would change their relative positions. ® On the other hand, certain solids may be made to
“flow” when a sufficiently large force is applied. These are known as plastic solids.

[3] Even so, the essential difference between solids and fluids remains. Any fluid, no matter
how “thick” or viscous it is, begins to flow, even it imperceptibly, under the action of the
slightest net shear force. Moreover, a fluid continues to flow as long as such a force is applied.
A solid, however, no matter how plastic it is, does not flow unless the net shear force on it
exceeds a certain value. For forces less than this value the layers of the solid move over one
another only by a certain amount, the more the layers are displaced from their original
relative positions, however, the greater are the forces resisting the displacement. @ Thus, ifa
steady force is applied, a state will be reached in which the forces resisting the movement of
one layer over another balance the force applied and so no further movement of this kind can
occur. ® If the applied force is then removed, the resisting forces will tend to restore the solid
body to its original shape.

[4] In a fluid, however, the forces opposing to movement of one layer over another exist only
while the movement is taking place, and so static equilibrium between applied force and

resistance to shear never occurs. Deformation of the fluid takes place continuously so long as
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a shear force is applied. But if this applied force is removed the shearing movement subsides
and, as there are then no forces tending to return the particles of fluid to their original relative
positions, the fluid keeps its new shape. ©

[5] Fluids may be sub-divided into liquids and gases. A fixed amount of a liquid has a definite
volume which varies only slightly with temperature and pressure. If the capacity of the
containing vessel is greater than this definite volume, the liquid occupies only part of the
container, and it forms an interface separating it from its own vapor, the atmosphere or any
other gas present. ©

[6] On the other hand, a fixed amount of a gas, by itself in a container, will always expand
until its volume equals that of the container. Only then can it be in equilibrium. In the
analysis of the behavior of fluids, the most important difference between liquids and gases is
that, whereas under ordinary conditions liquids are so difficult to compress that they may for
most purposes be regarded as incompressible, gases may be compressed much more readily.
Where conditions are such that an amount of gas undergoes a negligible change of volume, its
behavior is similar to that of a liquid and it may then be regarded as incompressible. If,
however, the change in volume is not negligible, the compressibility of the gas must be taken
into account in examining its behavior.

[7] In considering the action of forces on fluids, one care either account for the behavior of
each and every molecule of fluid in a given field of flow or simplify the problem by
considering the average effects of the molecules in a given volume. In most problems in fluid
dynamics the latter approach is possible, which means that the fluid can be regarded as a
continuum, that is, a hypothetically continuous substance.

[8] The justification for treating a fluid as a continuum depends on the physical dimensions of
the body immersed in the fluid and on the number of molecules in a given volume. Let us say
that we are studying the flow of air past a sphere with a diameter of 1 cm. A continuum is
said to prevail if the number of molecules in a volume much smaller than the sphere’s is
sufficiently great so that the average effects (pressure, density, and so on) within the volume
either are constant or change smoothly with time. The number of molecules in a cubic meter
of air at room temperature and sea-level pressure is about 10%°. Thus the number of molecules
in a volume of 10™'° m® (about the size of a dust particle, which is very much smaller than the
sphere) would be 10°. This number of molecules is so large that the average effects within the
micro-volume are indeed virtually constant. On the other hand, if the 1 cm sphere were at an
altitude of 305 km, there would be only one chance in 10° of finding a molecule in the
micro-volume, and the concept of an average condition would be meaningless. In this case,
the continuum assumption would not be valid. It may thus be concluded that the assumption
of a continuum is valid for fluid flow except in the rarest conditions, such as those

encountered in outer space.



New Words, Expressions and Technical Terms

constituent [kan'stitjuent] n5y, BE; afllm
tangential [teen'dzen[ (9)I] a. Y1) i1y
restrain [ris'trein] v.BRH, 2R
equilibrium [i:zkwi'libriam] n A CRA),
interface ['inta(:).feis] nAH KR, A
molecule ['molikju:l] n ANk, 4
continuum [kan'tinjuem] UBUES2UN

Notes

D A fluid...in that..., or to forces...: /JH in that 5| 5 i M 4 K78 AR 5 BEARBG X 51) ; 45
—A it AR A, B A i A its FEAR IR

@ A block of..., although..., yet..., that is...: 4] A block of...ff F1#, may be placed {E
Wi although 5| FAR1E M4 5 yet.. WA X B A E T T4 FE LB, that is... A AR) X6 i I A4
W) EAT AN FE BB

@ For forces..., the more..., the greater...: 4] the more...the more... /)8 F /R

@ Thus, if..., a state...in which...: ] if 5 GR I N R R B FERE L in which 5
SRR AT X a state PEAT AT .

® Butif..., as..., the fluid...: AJH if 5] FRE M) KR BOIREEFED ; as 51 509 WA
frt— UM 5 the fluid &4 F /) ik,

©® If..., the liquid..., and it forms..., the atmosphere...: 4] H If 5| FARiEM 4] 5 and 3% 3P0
AT RN e R A BB AR s AEBRAE P52 1 A the atmosphere. .. BT T & W 1 as, X Rif Ifi
W) AR FE B

Reading Material

Historical Development of Fluid Mechanics

[1] 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 nature of channel flow, there is no evidence that any quantitative
relationships had been developed to guide them in their work. It was not until 250 B.C. that
Archimedes discovered and recorded the principles of hydrostatics and buoyancy. In spite of
the fact that the empirical understanding 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 Bernoulli, and Leonhard Euler made the greatest
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contributions to the founding of these principles.

[2] In the nineteenth century, two schools of thought arose in the treatment 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 involved the flow of viscous
fluids. Consequently, they developed empirical equations that were usable but narrow 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 mathematical field of hydrodynamics and the practical science of
hydraulics.

[3] Near the beginning of the twentieth century, however, it was necessary 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. Osborne
Reynolds’ paper in 1883 on turbulence and later papers on the basic equations of liquid
motion contributed immeasurably to the development of fluid mechanics. After the turn of the
century, in 1904, Ludwing Prandtl proposed 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.

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

Low Speed Aerodynamics, 1900 ~ 1935

[5] 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 hydréulics into one rational science of fluid mechanics. Some
of the important developments in these periods are: (a) Prandtl’s boundary layer theory,
(b) Kutta-joukowski’s wing theory to explain the phenomenon of air lift, (c) the theory of
turbulent flow by von Karman 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 effect 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 hydrodynamics and
aerodynamics.

Aerothermodynamics, 1935 ~ 1950

[6] The speed of the gas flow was gradually increased from subsonic to supersonic speed. The
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compressibility effect of the gas is no longer negligible. We have to treat gas and liquid
separately. For gasdynamics, we have to consider the mechanics of the flow simultaneously
with the thermodynamics 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 2 000 K 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

[7] This is the start of the space age. The speed of the flow and the temperature of the fluid
are high enough so that we have to consider the interaction of mechanics of fluid with other
theories 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
radiation. 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

[8] In the above three periods, our main interests are still the flow of fluids which consists of
1iqﬁid, gas, or plasma only. During the recent 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 geological problems, the fluids behave partly as ordinary fluid and partly as
solid. In the above three periods, we treat the fluid flow problems mainly recording 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 super-fluid for which the quantum effects
are important even for macroscopic properties (quantum fluid mechanics); 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. Modern developments in fluid mechanics, 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.

[9] It should be noted that even though we divide the development of modern fluid mechanics
into the above four periods, there are overlaps in time for these periods as far as the study of
various subjects are concerned. 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.



Lesson 2 Basic Concepts of Thermodynamics

[1]-Most applications of thermodynamics require that the system and its surroundings be
defined. A thermodynamic system is defined as a region in space or a quantity of matter
bounded by a closed surface. The surroundings include everything external to the system, and
the system is separated from the surroundings by the system boundaries. These boundaries
can be either movable or fixed; either real or imaginary.
[2] Two master concepts operate in any thermodynamic system, energy and entropy. Entropy (s)
measures the molecular disorder of a given system. The more shuffled a system is, the greater
its entropy. = Conversely, an orderly or unmixed configuration is one of low entropy. Energy
is the capacity for producing an effect, and can be categorized into either stored or transient
forms. Stored forms of energy include:
thermal (internal) energy, u—the energy (possessed by a system) caused by the motion of
the molecules and/or intermolecular forces: *
potential energy, P. E.—the energy possessed by a system caused by the attractive forces
existing between molecules, or the elevation of the system:
PE.=mgz (1-1)
where m = mass.
g = local acceleration of gravity.
z = elevation above a horizontal reference plane.
kinetic energy, K. E—the energy possessed by a system caused by the velocity of the molecules:
KE=m//2 (1-2)
where m = mass.
v = velocity of the fluid streams crossing system boundaries.
chemical energy, E.—energy possessed by the system caused by the arrangement of atoms
composing the molecules.
nuclear (atomic) energy, E,—energy possessed by the system from the cohesive forces
holding protons and neutrons together as the atom’s nucleus. ’
[3] Transient energy forms include:
heat, O—the mechanism that transfers energy across the boundary of systems with
differing temperatures, always in the direction of the lower temperature. .
work—the mechanism that transfers energy across the boundary of systems with differing
pressures (or force of any kind), always in the direction of the lower pressure; if the total
effect produced in the system can be reduced to the raising of a weight, then nothing but work
has crossed the boundary. © Mechanical or shaft work, W, is the energy delivered or absorbed
by a mechanism, such as a turbine, air compressor or internal combustion engine.

Flow work is energy carried into or transmitted across the system boundary because a
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pumping process occurs somewhere outside the system, causing fluid to enter the system.
It can be more easily understood as the work done by the fluid just outside the system on the
adjacent fluid entering the system to force or push it into the system.” Flow work also
occurs as fluid leaves the system.

Flow Work (per unit mass)=pv (1-3)
where pis the pressure and v is the specific volume, or the volume displaced per unit mass.
[4] A property of a system is any observable characteristic of the system. The state of a
system is defined by listing its properties. The most common thermodynamic properties are:
temperature (7) , pressure (p) and specific volume (v) or density (p). Additional
thermodynamic properties include entropy, stored forms of energy and enthalpy.Frequently,
thermodynamic properties combine to form new properties. Enthalpy (%), a result of
combining properties, is defined as:

h=u+ pv (1-4)
where u = internal energy.
p = pressure.
v = specific volume.

Each property in a given state has only one definite value, and any property always has the
same value for a given state, regardless of how the substance arrived at that state.
[5] A process is a change in state that can be defined as any change in the properties of a
system. A process is described by specifying the initial and final equilibrium states, the path
(if identifiable) and the interactions that take place across system boundaries during the
process. A cycle is a process, or more frequently, a series of processes wherein the initial and
final states of the system are identical. Therefore, at the conclusion of a cycle all the
properties have the same value they had at the beginning.
[6] A pure substance has a homogeneous and invariable chemical composition. It can exist in
more than one phase, but the chemical composition is the same in all phases.
[7] If a substance exists as vapor at the saturation temperature, it is called saturated vapor.
(Sometimes the term dry saturated vapor is used to emphasize that the quality is 100%)”. When
the vapor is at a temperature greater than the saturation temperature, it is superheated vapor. The
pressure and temperature of superheated vapor are independent properties, since the temperature

can increase, while the pressure remains constant. Gases are highly superheated vapors.

New Words, Expressions and Technical Terms

thermodynamics ['8a:maudai'neemiks] n. A2

entropy ['entrapi] n (AT R
shuffle ['[ Afl] vt EL, FRIR
configuration [kan.figju'reifan] nAsE, 45K
categorize ['keetigaraiz] VA S



transient ['treenziant] a.() BEAEHY

thermal ['Ba:mal] a i)
elevation [.eli'veifan] n.
acceleration [eek,sela'reif an] n.(H0) i i B
kinetic [kai'netik] a.dh J1%0), S
cohesive [kau'hi:siv] a.NEN
cohesive forces W
proton ['prauton] nJi ¥
neutron ['nju:tron] n. ¥
mechanism ['mekanizem] nALEE B, P 1S
shaft [[a:ft] n.Jl
compressor [kem'presa] nJEZEHL, RS
combustion [kem'bast[an] n R
adjacent [8'd3eisant] almiE iy, AHER
specific volume Bk
displace [dis'pleis] vi.HE(K)
enthalpy ['enBeelpi, en'Beelpi] n.g&
equilibrium [izkwi'libriam] n VA, ¥
homogeneous [,homau'd3i:njas] a Y511
saturation [,seet[a'reif an] n M)
saturated ['seet[ oreitid] a A

Notes
(D The more shuffled..., the greater... & -+ i AR MGIE: =S

@ ...the motion of the molecules and/or intermolecular forces: [ #Ef# 4 ...the motion of
the molecules and intermolecular forces LA A ...the motion of the molecules or
intermolecular force,

@ energy possessed by the system from the cohesive forces holding protons and neutrons
together as the atom’s nucleus: possessed by ... forces it 2 431A 815 fE 2B i energy;
holding ... as ... BUFESr 1A 15 E & 1B cohesive forceso

@ ... the mechanism that transfers ... with ... always in the direction of the lower
temperature: that 5| 5 (% & 15 M 5] 8 #fi mechanism; with B systems; always ... S 1H
&4 transfer,

® ... nothing but: HA

©® ... a pumping process occurs somewhere outside the system, causing fluid to enter the
system: causing... BL7E4> 1A% 15 /E a pumping process ... the system FJZ5FAR I

@ ... the work ... on ...: Xfeeeee GRS :

quality: AXSCHREE T B,

- 8-



Reading Material

Thermodynamic Systems |

[1] In the engineering world, objects normally are not isolated from one another. In most
engineering problems many objects enter into a given problem. Some of these objects, all of
these objects, or even additional ones mayenter into a second problem: The nature of a problem
and its solution are dependent on which objects are under consideration. Thus, it is necessary to
specify which objects are under consideration in a particular situation. In thermodynamics this is
done either by placing an imaginary envelope around the objects under consideration or by using
an actual envelope if such exists. The term system refers to everything lying inside the envelope.
The envelope, real or imaginary, is referred to as the boundaries of the system. It is essential that
the boundaries of the system be specified very carefully. For example, when one is dealing with
a gas in a cylinder where the boundaries are located on the outside of the cylinder, the system
includes both the cylinder and its contained gas. On the other hand, when the boundaries are
placed at the inner face of the cylinder, the system consists solely of the gas itself.

[2] When the boundaries of a system are such that it cannot exchange matter with the
surroundings, the system is said to be a closed system (see Fig. 1-1(a)). The system, however,
may exchange energy in the form of heat or work with the surroundings. The boundaries of a
closed system may be rigid or may expand or contract, but the mass of a closed system cannot
change. Hence, the term control mass sometimes is used for this type of system. When the
energy crossing the boundaries of a closed system is zero or substantially so, the system may
be treated as an isolated system (see Fig. 1-1(b)).

[3] In most engineering problems, matter, generally a fluid crosses the boundaries of a system
in one or more places. Such a system is known as an open system (see Fig. 1-1(c)). The
boundaries of an open system are so placed that their location does not change with time.
Thus, the boundaries enclose a fixed volume, commonly known as the control volume.

[4] Sometimes a system may be a closed system at one moment and an open one the next. For
example, consider the cylinder of an internal combustion engine with the boundaries at the
inner walls. With the valves closed, the system is a closed one. However with either or both

of the valves open, the system becomes an open system.
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Fig. 1-1 Types of systems



