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Chapter 1 Introduction of Fluid Mechanics
AIRTIF BT

B1E

Fluid mechanics is the discipline within the field of ap-
plied mechanics concerned with the behavior of fluids
at rest or in motion. Fluid mechanics has a wide range of
applications, including for mechanical engineering, civil

engineering, chemical engineering, biology, and so on.

Many interesting questions can be answered by using
relatively simple fluid mechanics ideas. A foundation of the
fluid mechanics will be introduced in this chapter.

1.1 Brief History of Fluid Mechanics

Before the study of fluid mechanics, the history of this

important engineering science should be reviewed briefly.

Before second century A.D., Archimedes (287—212
B.C.),

first expressed the principles of hydrostatics and flota-

who is a Greek mathematician and inventor,

tion. However, for the next 1000 years, no significant

development has been made for fluid mechanics.

About from the fifteenth century to eighteenth century, a
rather continuous series of contributions form the basis of
fluid mechanics. Leonardo da Vinei (1452—1519) de-
scribed many different types of flow phenomena. The
work of Galileo Galilei (1564—1642) marked the be-
ginning of experimental mechanics. Since then, a large
number of famous scientists, such as Newton, Bernoulli,
Euler and d’ - Alembert, etc. , made great contributions
in theory and mathematics. Experimental aspects of fluid
mechanics were also advanced during this period, but the

two different methods. theoretical and experimental.

developed along separate paths.

T A 3 2% 2 NE T 2 U R —
F12ERE, W 58 I 4R 72 # 1k 862 3h
WET M7 R, WK S 2 EI R
T, tARATHE., k¥ TEMAE
Y FE S EA T ZHRA,

VFZ A Y (R AT LA SE i A AR
Xt fa] B 69 WA ) o B R R .
A B ] B A WAR Ty = R R AR

1.1 REHEER

WA ) cE AT, S A —
TRIMTEZ TR FHRESL,

w2 HAELIHT . & AEBEE R A
H W 2 BT B OK 8 JE R T A
(iR RER VR N e (T
B — T 24, Wk IL
FRATBUE Ao AR

15 HE2 B 18 2, BFEFEA
B — RS TR R T W 2
. X FAMETHEEZAR
KR A Sh LG, (A B i T4
EELR D FN Fim. kiE,
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During the nineteenth century, the differential equa-
tions were used to describe fluid motions, and further
contributions were made to both theoretical hydrodynamics
and experimental hydraulics. Experimental hydraulics
gradually became a free-standing science, and many of

those experimental results are still used today.

Both the theoretical hydrodynamics and experimental
hydraulics were highly developed at the beginning of the
twentieth century, and some attempts were made to unify
them. In 1904 Ludwig Prandtl (1857—1953) proposed
the concept of boundary layer, which laid the foundation
for the unification of the theoretical and experimental as-
pects of fluid mechanics. Prandtl is generally accepted

as the founder of modern fluid mechanics.

Also, during the first decade of the twentieth century,
powered flight was first successfully demonstrated with
the subsequent vastly increased interest in aerodynam-
ics. The design of aircraft required a degree of under-
standing of fluid flow and an ability to make accurate
predictions of the effect of air flow on bodies. so the
development of aerodynamics provided a great stimulus for

the rapid development in fluid mechanics.

Main contributions of the pioneers in fluid mechanics

are summarized in Table 1. 1.

Table 1. 1
#1.1

19 tH4E, Bk 07 R O T iR R
fhzzh, HigKshh¥EMERK
TR TH - EE. LK
7% B 8 A — 1 52 B B 2,
WEERERZASEMA.

20t #], BB AKF HFEMELR
KO¥BBIR/ERE, AKX
FHEMNs —&k, 1904 £, &
RRETHRENE S, IR
EhH2BME 5LRPRMGE — K
ETER. w2k BRI &
TIFRBERA .,

tegh, 20 tE AT+ 4E, B RAT
B W S R B T AT X =
KN RE G, BT L
BT ERM WA RS — ER
BERY T fif, H K 68 o o W0 =
KX ERITWEEM, FFUESE
NFERRBRRKHES T Witk h1#
HIRRE.

x 11 EETAAERENZTH
B E R .

Contributions of the pioneers in fluid mechanics

A AE UL 1 7 % 7 T 4 5T AR

Name A% Contributions 1 Mk

Archimedes P %t K {8 (287—212 B. C.)

Leonardo da Vinci ik » 25 % (1452—1519)

Established elementary principles of buoyancy and flotation

HESE T IR D RV B AR R

Expressed elementary principle of continuity; observed and sketched many

basic flow phenomena;designed hydraulic machinery

FRIR TS0 A G, MEEHHHE T ZRA MM B IS &+ T K S HL

Galileo Galilei {7 B (1564—1642)

Indirectly stimulated experimental hydraulics; revised Aristotelian concept of vacuum

[ T KR N BIET R ZEES MBS

Evangelista Torricelli & 24 #](1608—
1647)

Invented barometer

RATRET

2 l A 1 22 Bl ' Fundamentals of Fluid Mechanics



R

Name A%

Contributions 5 ik

Blaise Pascal A7 (1623—1662)

Isaac Newton 4 (1642—1727)

Henri de Pitot ¥ (1695—1771)

Daniel Bernoulli {f1%%#](1700—1782)

Leonhard Euler BRFL(1707—1783)

Jean le Rond d’ Alembert 358 U1 /R (1717 —
1783)

Giovanni Battista Venturi 3C = B (1746—
1822)

Louis Marie Henri Navier 44 4
(1785—1836)

George Gabriel Stokes #7 46 % Hf (1819—
1903)

Ernst Mach B (1838—1916)

Osborne Reynolds T #5(1842—1912)

John William Strutt, Lord Rayleigh i F|
(1842—1919)

Vincenc Strouhal 7453515 /R
(1850—1922)
Edgar Buckingham [ 4z i (1867—1940)

Moritz Weber $5{f (1871—1951)

Ludwig Prandtl ¥ B4 (1875—1953)

Lewis Ferry Moody %Lt (1880—1953)

Put forward the law that the {luid can transfer pressure,the so-called Pascal’s law

Bt O A BB A% 338 1K 0 A 5 L BT 3 e 3 E AR

Explored various aspects of fluid resistance.inertia, viscosity and wave
TR T VLARBE 1 R 6 A0 D TR 69 & 7

Invented the pitot tube used for the measurement of flow velocity

S WY Ik A G A B AE A

Established the basic equation of fluid dynamics, which is called the Ber-

noulli equation

AL T WARSh J12E W AR T B RO IE SR T R

First explained role of pressure in [luid flow;formulated basie equations of mo-

tion ;introduced concept of cavitation and principle of centrifugal machinery
HEMBETIE NIRRT PR R T EANEH TR NETE
L HUAR Fr) 25 o AR o o D

Originated notion of velocity and acceleration components.and differential
expression of continuity

2 10 T 3 L o S ok i M A 3 VB B R

Performed tests on various forms of mouthpieces, in particular, conical

contractions and expansions

i 2o g 0 AT T U R R g Ak TR X O

Established the basic equations of fluid motion considering “molecular” forces
BT H I8 T M AR B i A g R

Established the basic equation of viscous fluid motion, which is called
Navier-Stokes equation

HESL T BRI B S T B R A A e -G s oy R

One of the pioneers in the field of supersonic aerodynamics

1 2 R 3 7 2 U SRR

Discovered the similarity law of flow;introduced a dimensionless number,

that is the Reynolds number,as the criterion for judging the flow states

LB B AR AR, 5 A TG B4 R B AR 1 S ) A A o
Investigated hydrodynamics of bubble collapse, wave motion. jet instability
and dynamic similarity

BFGE T AR ) IR B 5 e 0 9 A (0L 26 DA g 2 i R
Investigated the phenomenon of “singing wires”

R THRRERR

Stimulated interest in the United States in the use of dimensional analysis

Wk T 3 I A B 0 2 A P T

Formulated a capillarity similarity parameter

R T YA S8

Introduced concept of the boundary layer and is generally considered to be

the father of present-day {luid mechanics
SIA T il A2 B HE A oA R R BLAR s Ad 2 Z AL
Provided many innovations in the field of hydraulic machinery. Proposed a

method of correlating pipe resistance data

FE 7K WL A VF 2 G B Hh T 56T 4 A R OB B A S T T

Chapter 1 Introduction of Fluid Mechanics ] H1E WS EEA ’ 3



SR

Name A%

Contributions FT#k

Theodor Von Karman 317
(1881—1963)

Paul Richard Heinrich Blasius i $i & #7

One of the recognized leaders of twentieth century fluid mechanics.
Provided major contributions to our understanding of surface resistance,
turbulence and wake phenomena

BOA KR 20 HEE WA Gz —, i A3 % % o BE ) . i o R
MERAE M T B E A Tk

Provided an analytical solution to the boundary layer equations. Also,dem-

(1883—1970)

onstrated that pipe resistance was related to the Reynolds number

BETHFRZETEGMTRIFER T EHEEN S FHEA X

1.2 Dimensions and Units

1.2.1 Dimensions

In the study of fluid mechanics, we will deal with a
variety of fluid characteristics, so it is necessary to
develop a system for describing these characteristics
both qualitatively and quantitatively. The qualitative
aspect refers to identify the nature or type of the charac-
teristics (such as length, time, stress and velocity),
whereas the quantitative aspect provides a numerical
measure of the characteristics. The quantitative de-
scription requires both a number and a standard by
which various quantities can be compared. A standard
for time might be a second or hour, for mass a kilo-
gram or gram, and for length a meter or millime-

ter. Such standards are called units.

The qualitative description is given in terms of certain
primary quantities, such as length, L, time, T,
mass, M, and temperature, 0. These primary quan-
tities can then be used to provide a qualitative descrip-
tion of any other secondary quantities: for example,
area=L?, velocity=LT™!, density=ML™3, where
the symbol indicates the dimensions of the secondary

quantity in terms of the primary quantities. Thus, ve-

locity, v, can be described qualitatively as

1.2 BHNMBMN

1.2.1 EH

ERE N EEI SR, &8
PIMAA R & MR, BTUALE
B — SR R DLE M E R
WXL, M TR A R
AR SRR Cn. KB, BfE,
IO 7 RV ) T E R T AR T
BHOKE. ERMATERK
i {0 B B G AR M, B e AT
PAHCE A [ B & . o i ) e R
wEhRoE AT DL R R s e, R T
PIRTwE s, A LAE KK
EHK, XM EREIREREN
B,

WRIEERE (. KE L, &E T,
i M FEE ) a7 EN
R, AT H A — R &Y
R EREFE, Fla. @mH=
L2, HEE=LT !, HEF=ML?,
XEFERABE RGN =
WEMEN., Hik, #E v 7] &
P b 4 38

~LT"!
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that is, the dimensions of velocity equal length divided by t#iEi%, EENWENE T KE
time. The primary quantities are also referred to as basic  Bg LA BF 6], F 8 th 8 #8k b FE A
dimensions. 2H.

For most fluid mechanics problems, only the three X+ K Z & 120 i,
basic dimensions, L, T and M are usually required. ¥HEEF RFE L, TFA M=
Table 1.2 provides a list of dimensions for common EARHN, X 1.2HAH THH
YRR,

physical quantities.

Table 1. 2 Dimensions associated with common physical quantities

*1.2 WHYEENEN

Physical quantities #H &

Dimension &4

SI Units EFr#AL

Acceleration I & ks gl m/s?
Angle i ML TO 1
Angular acceleration il i Bf T §2
Angular velocity & T-! st
Area THFH L* m?
Density & ML—3 kg/m?
Energy ftf& ML2T—2 1
Force 7 MLT™* N
Length & L m
Mass i B M kg
Modulus of elasticity P& ML-IT-2 Pa
Moment of a force F1%E ML?T—? N+m
Momentum 3l fit MLT™! kg * m/s
Power % ML?T—3$ w
Pressure R ML1T? Pa
Specific weight ML™%T~2 N/m?
Strain [ 7E ML T 1
Stress K f) ML~ T2 MPa
Surface tension 1 7 /1 MT~? N/m
Temperature & HE (C] K
Time 8] T 8
Torque #H%E ML2T? N+m
Velocity # B LT=? m/s
Viscosity(dynamic) zhHEE ML-IT! N+ s/m?
Viscosity(kinematic) iZ 3 #i LT m?/s
Volume % i m?
Work 3 ML?T? ]

Introduction of Fluid Mechanics
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All theoretically derived equations are dimensionally
homogeneous; that is, the dimensions of the left side
of the equation must be consistent with those on the
right side, and all additive separate terms must have
the same dimensions. For example, the equation for

the velocity of uniformly accelerated body is
v=uwv, +at

where v, is the initial velocity, a is the acceleration,
and ¢ is the time interval. In terms of dimensions the

equation is

ARG IANTREZE
AR, WEER, FREN
b WAV RS R R apuRih & e
B FTA AR A R [ A
B . 53 hi i 4 i) R 5 AR R

(1. D

Ky v AVIEEE; a KB ;
¢ Ay g re] fa] . b 3R R R
A

LT '=LT !'+LT™!

and thus Eq. (1. 1) is dimensionally homogeneous.

Some equations contain constants having dimensions.
For example, for a freely falling body, the traveled

distance, d ., can be written as
d=4. 9t

and the constant must have the dimensions of LT 2 if
the equation is dimensionally homogeneous. Actually,
Eq. (1. 2) is a special form of the well-known equation

for freely falling bodies.

where g is the acceleration of gravity. Equation (1. 3)
is dimensionally homogeneous and valid in any system of

units. For g = 9. 8m/s?, the equation reduces to Eq.

Hie, .1 EERAFEN.

AT BRIPHEREARNK.
Bilgn. X F 8 h#EE, TRAE
B LIRR A

(1. 2)

mMEFEE/ENMIEN, Ba L
KPEBWENMLIH LT 2, 5E
b, R1.2) BAHH%EKE
FRNEERIER .

(1.3)
A, g yEHMEE, X1.3)

Xof AT o] BRL 37 2R G0 AR 2 B A9 R Y L
WH ¢=9.8m/s?, A (1.3) B2

(1.2) and thus Eq. (1. 2) is valid only for the system Az (1.2), Eitk, (1.2) HXf
of units using meter and second. The concept of dimen-  f# H K FF4E Jy B8 7 19 & 88 il or
sions forms the basis for the dimensional analysis, iR ol il O 3
which is discussed in detail in Chapter 6. BAES 6 EIELITIE.
[EXAMPLE 1.1] A pipe locates in the side of a tank [#HI& 1. 1) — R & T Z& 28 M
as shown in Fig. 1. 1. The volume flowrate, Q, of li- T, W& 1.1 fr/R. W& E S R E
quid through the pipe can be expressed as HAEBRmETRE R
Q=0.61A2gh
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where A is the area of the pipe, g is the acceleration R, A HRAEFEWEH; ¢ FE
of gravity, and & is the height of the liquid above the  FJHNEEE; A HEE .0 H RE

pipe center. Investigate the dimensional homogeneity  BIE B, i 40 7% 2 X B & 9
of this formula. W,

Fig. 1.1 Figure for the example 1.1
B1.1 fEL 1 E

SOLUTION The dimensions of the various terms in fi# Z2AXFT Q WEN N LT !,
the equation are Q =13T"!, A=1%, g=LT7%, AMBHNNL*, gWEHNHNLT 2,
h==L. These terms, when substituted into the equa- A BIEHNN L, LA _LKE

tion, yield the dimensional form

(13T 1)==(0.61)(L2)(2)V2(LT2)V2(L)V2
(LT 1) =[(0.61) (V2 (L3T"1)

it can be seen that both sides of the equation have the A0, F XX P B A HFE K & N
same dimensions of L3*T~!, the equation is dimen- 13T, ZX B XN MK, 0.61
sionally homogeneous, and the numbers [0.61 and (2)V2 h EE N K %K. W R H
(2)Y27] are dimensionless. If g is replaced with the 9.8m/s* K% g, AXAEEF RN

value of 9. 8m/s?, the equation can be rewritten as

Q=2.7TA(h'/?) (1.4

A check of the dimensions reveals that BNk A

L3T—1==(2.7)(L%2)

and, therefore, the equation expressed as Eq. (1.4) [Hitk, RAH 2.7 WEHNN LV2T!
can only be dimensionally correct if the number 2.7 B, R (1.4) BWEHN A EH. X4
has the dimensions of L2 T~!. Whenever a number — N HFEIEAXTHEHAEAEH
appearing in an equation or formula has dimensions, B, XEEE K EH, XMW E &K
it means that the specific value of the number will de-  {EHE R T BB RS .

pend on the system of units used.
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1. 2.2 Units

In addition to the qualitative description of the various
quantities, it is generally necessary to have a quantita-
tive measure of any given quantity. For example, if
the width of a desk is 2 units wide, the statement has
no meaning until the unit of length is defined. Now
three systems of units commonly used in engineering

are introduced as follows.

British Gravitational (BG) System

the unit of length is the foot (ft), the unit of time is

In the BG system.,

the second (s), the unit of force is the pound (Ib),
and the unit of temperature is the degree Fahrenheit
(°F) or the unit of thermodynamic temperature is the
degree Rankine (°R).The unit of mass, called the
slug, is defined from Newton’s second law (force=
mass X acceleration) as 1lb=(1slug) (1ft/s?). This re-
lationship indicates that a force of 11b acting on a mass

of 1slug will give the mass an acceleration of 1{t/s®.

English Engineering (EE) System In the EE system,
units for force and mass are defined independently;
thus special care must be exercised when using this
system in conjunction with Newton’s second law. The
basic unit of mass is the pound mass (Ilbm), the unit
of force is the pound (lb). It is also common practice
to use the notation, lbf, to indicate pound force. The
unit of length is the foot (ft), the unit of time is the
second (s), and the thermodynamic temperature

scale is the degree Rankine (°R).

In 1960 the Eleventh Ge-

neral Conference on Weights and Measures formally

International System (SI)

adopted the International System of Units (termed
SI) as the international standard. This system has
been widely adopted worldwide. In SI the unit of
length is the meter (m), the unit of time is the

second (s), the unit of mass is the kilogram (kg) ,
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1.2.2 By

B T 5E P b Ak DL S, XEEE A
ER R, BWARERNE, B
. —KIREBRBE R 2 B
B, XHEMHMAREAEE XK,
BRIEEX TREMSEM, TEE
HHB=MBMRENT AT .

BG B{I &% f£ BGH{i R4+,
KEMBMGRER (fo, BE R §
PR (), R ER (b,
BER R RERE CF) sdiFZ#
HFBERELZEE CR), B
HH K FR N R="F+459.67, i
B AL FR R AR, IRAE 4 AR —
EEE XK b= (Islug) (1ft/s?),
ZAREW, b H1ERTE Lslug B
B, o /st iR,

EE 2% 7 EERL RGP,
IR RS E L. Bk, S
WS _EREHXANBAFR
SRR FERI T E. REMEAR
iR REEE (Ibm), JH9 8GR
% (lb), #EHF WA bl X5
FFon N, KEMBEAREER
(ft), BFEAPEAER (s), #H
FRERARZEE CR),

SIBEMI RS 1960 4E, B+ —JF
JE B S B0E Uk F E PR B0 R4
(SD fERHEFFRE, ZREHEESE
F'ERM. £ SIR&GH, KEW
ML RK (m), B #4207 2R
(8), FBEMAMETE (kg), R
J&E 1 B PR (KD, FF/R iR



