SR L L T EY]

.f\‘

.
L

IfiEuu.ﬁst

(SBHh) ( FIXALRAR )

Fundamentals of

Fundamentals of

& Fluid Mechanics

Fifth Edition

Bruce R. Munson

[ % ] Donald F. Young = BIE= M4H
Theodore H. Okiishi

x = A 3
e F I % & A& 42
Publishing House of Electronics Industry
S Tr=T=T1 http://www.phei.com.cn

|y




BEFREM AT

TERENZE
(FRR) (AR &%)

Fundamentals of Fluid Mechanics
Fifth Edition
Bruce R. Munson

[ £ ] Donald F. Young =
Theodore H. Okiishi

RIEE M

TFIF & A& AL
Publishing House of Electronics Industry
Jtat - BEUING



nEE AN

AP RARYE K [F 3 4 R John Wiley & Sons Hi AR B & BB S50 4 T LAY TARWAR S # 3 CH Kt AT
REFFEMEM ARG, FREEFESREFHER, ABIRREEFNAFERLELRL LM Rk
FIRBHAHEATOR) ST, UHEREEIR M KPR R ik, HEEANEAR: &L, REHNF.
Hikic shBA I, EHARRa T (EE R, BUNKREIT . BRI SR, RSN
BIEEW ., JLOMERRR . BRE. B, B ESE ST,

ABIENEERRRE, TTEL, SR, KFFELWRRE S OKN%) BIXUEHFRH, TFE
AR HANR MeETER AR TRITEXNSE 4.

Bruce R .Munson, Donald F. Young and Theodore H. Okiishi: Fundamentals of Fluid Mechanics, Fifth Edition.
ISBN 0-471-67582-2

Copyright © 2006 by John Wiley & Sons, Inc. All Rights Reserved.

AUTHORIZED REPRINT OF THE EDITION PUBLISHED BY JOHN WILEY & SONS, INC., New York, Chichester,
Weinheim, Singapore, Brisbane, Toronto. No part of this book may be reproduced in any form without the written
permission of John Wiley & Sons, Inc.

This reprint is for sale in the People’s Republic of China only and exclude Hong Kong and Macau.

English reprint Copyright © 2006 by John Wiley & Sons, Inc. and Publishing House of Electronics Industry.

A H R AR L Dol S RO R John Wiley & Sons G YEHIRAR . IOMAMURAE i A RAEFEEE A (R
TR AR IR RATELC ) 8. REMREFRHEIFAT, AFLMERA TR ZA BT

WA B &S B 01-2006-5885

BHERSE (CIP) iR

THRIKS%: % 5 I = Fundamentals of Fluid Mechanics, Fifth Edition: 4R/ ( %) ¥4 ( Munson,
B.R.) %%, D=k - dbat: BT tikist, 2006.11

( REEREM RS

ISBN 7-121-03327-5

[.T. DO Q.. W.THRA¥.: FiEN¥ - SUEHY - #6 - 33X V. TB126

o E A B A5 08 CIP B A+ (2006) 55125391 5

FERE: & X
i @jkﬁ¢mﬂ%mmr
HARAFT: BF I AR
e dEER T A 1731545 HB%. 100036
H A 787 x 980 1/16 Efigk. 37 8. 947 TF
Ef ¥R 2006 4E 11 A% 1 IRENRI
E M 595000

JUBF I I 1 ol AR AL B9 B B A SR RIS 55 Rk, 5 BIEER, WS A RITHEKER, )kE
BiE: (010) 68279077, BRIAWHLIE: (010) 88254888,

B FTE Z B E zits@phei.com.cn, ¥EMREAEERTE & R4 = dbqq@phei.com.cn,

AR 45 #h&% . (010) 88258888,



WEAER - THZEH¥R, BHERHERESLZBIMIEHMER. K, ZRHENF
SESRA N RIS kI, SREYRBE NP RMUAEERSERNETYHERM
ISR, MEAEAESAEHNZERAR . 2KBE (BAX) %, HEAFERE. BXFERSY
BHEBEHAS ENIN¥FEN L4, Wl Bemoulli’s equation, Navier-Stokes ( N-S ) equation, Eulerian
description of motion, Poiseuille flow, Reynolds number %, Fit, FRRABGEEBRMESIF, MU
RifFERXFIRANERMER, (RFF4 R P2 HAMIERITECR, B35 EREFHI6E
HAEBRER SR LTSS, ERRHEEANFRESIERRIEN T, NTERAM T #ERIR
SRR, ARSI

TRERENEREESE . KRR TE A AREMIR, 20034, FEWITLRFERISIFM %5
R Z T, RIFHIASFRRE S FREIUEH Y, Bl =F 2L, REMMUURTEIGE M
B FEERMM SGERAE, SUEHFENIEE FBELIRKICEAREM , A RBik2E 4 BB IER K
EXRR . MBNENERILEMRER . MRMERT ), %%, Bk, 20054, 7EHITLR¥E
B R THEA I #8EENKIET, EREN¥ERFEHRENEM L, dREFDFTER
RPN H—— “WESEDEHFRERR”, HESAETIUEBFEM R,

Fundamentals of Fluid Mechanics, Fifth Edition B —AEHE S TEFWEM, B2 EE Iowa
K% . Colorado K% . INEK Alberta K2#%5E 2 K¥HEAH . BMFRBMERBIERBA FEFFSHE
Rt b, BAEWTRS: ) REI¥0EERIEREER, LRERE, AAKEFEENEIEHERN
EMFTIS, FFHEE “Fluids in the News” RULBARTZIFESCTE H AR R LA K IRAT B 475 P AY Ak
NFERR Q) JEERFEE LT, HE5EEFE/NEHIN, AEMEERSTEALNEFRETE (X
TEEABH P EHEREE), THEAERBRITEME (3T spreadsheet BITHEML ), 1HEHETE, &
F “Fluids in the News” REFPHMSA BB, E—BEFIERATZHRAEXIEE, BER/INE
AR T X ERBLEME S, UGBTI NSRRI 3) #ihE 2 BaH
RES LG A SIRMAH, WETEAHFNFR @) B MR LG, G, TERSRE
B, PIBSIEXEHSEE . B, “Fluids in the News” 5055 B & A HUE o(5) B4 RHSL
F &, 7EJohn Wiley & Sons AR WM I, B KBS . 453 AN SAH R FSUREE
FARHEBIAIRL, BEEE THFERR, XEB TEMMEE,

BR, ATENIINES . HFEERNER, FRIM SREHFEZNBEIREER K
MER, BONACEHENNEFEER, AL, ¥ TREFRIEM GG, FrEEhEERH
FHER, ZEMHRRFEREEF IR SFRTEEL VR CRE N FHEB S EATR), F
BIMNERTKMEL IR ( TERKN%) KEFRE,



AN UGBS, SERBEMOEHERB T AR, FEEKIN. FEE3EM
B ABRTABEESHB RS EREIE,; 4 ERBHHEHE S BERESIFERIERE RIS
By 8 EMPE 9IRS ANRMING, HEAEW THIFEPKEIARAREMF S, B AKEL
HENE; £ 1 ERE-TRRNEASER, MRTHRNE; HEERKRTE 2 ZBRBIM. B
Hh, MIBENEERWWER, EFEHMAITLUTRSE: EAK, FLOHBRAMEEHT, WESYSR
BIRRYE . BTVERAKE R R E T, SRR, BRMERECSRERIZB AKX, BEW
EAEIE, RIBLERVIE, MR T 82 T8, B, MR T34 “Fluids in the News”,
BREEM N BEERRIKK N Eit, TR NI%¥, RIEEshERFR, HHEERIMT (BE
S, WORER ST, BN SIS, WM, AEER . FLO MY B, BER,
iR, BRATERSE 0. B F RS BiRRE . PPT., BRI RRSREYIE, #Uf
AHE BB R “BF SRR, RIG @B T Tolk AR H 5] John Wiley & Sons 2\ & B3, 8
ATFER R T

KU MBAERE T FIREM RS SN EBE WA AEHE R, BN S T ERIE20064E4E K
KR SEE E RN ER +—R" MR SRR A2 ) (BRE., BTE . s ),
(B2, T /458 T FAREA A58 N A FHE XTI A AL R AT T8, B, 76808 s
MAERA DT NP R R, MFEBUTILA: () AERNSH T /48 TR sEr R &~
B&, WM, BEEFEREH; Q) ERBEPXHM b, EEHTR. B ENER R
oyt B TR R, ShRERMTRASA RS TR, BEAZstd, TI155H kR
fEER., SR _EE. ANEE—ERERTIHECREERIME,; Q) R G LELES
EPRAEERE T (ki) #6 . BIREERUK MR RE T BIRE, T8, 52 R8G5 L0H,
) TEIRF— T, BARTEBURI R IHER R B A RXIIT T % —, (BEE T BEREH &+ R F e
a8, KPERAEMNEREY, SERAMANE —EE£R, BEE; 6 A8 P it k%
RE T H—ME, BRI, 75 TR A U AR 42 LA 10 6 A 2 i AL A 2 (6) &
HMFEIBG A, BR T8 1 B TR RIS H TR B T %64 BG HI4h, B stk LB
BG4 STRNK, TEMHEMEEE,

AYMIERROLES, 83T BRBEROAS S, FEHLEHEBETRRNNE,
DAL RGN P OREE, fERFRECIRS . R, B Tl BB B8 44
RS, FEXHERREA VAR | I TS A T AR T, R AR TR H0 3,
RIS RS, BERPRAGEMLIL, ERHRTETS, B TRBEH ISR,

Boa , RABARBGREA GBS N E R RAE T S ERER T — > 1, L BRI ER .
FITFIEE RS IR = RN, (R A e EEN S AR BE S T 522,

AP
FTHIRFLZR
2006 %8 A 30 B




About the Authors

Bruce R. Munson, Professor Emeritus of Engineering Mechanics at Iowa State University, received his B.S. and M.S.
degrees from Purdue University and his Ph.D. degree from the Aerospace Engineering and Mechanics Department of the
University of Minnesota in 1970.

Prior to joining the Iowa State University faculty in 1974, Dr. Munson was on the mechanical engineering faculty of
Duke University from 1970 to 1974. From 1964 to 1966, he worked as an engineer in the jet engine fuel control depart-
ment of Bendix Aerospace Corporation, South Bend, Indiana.

Dr. Munson’s main professional activity has been in the area of fluid mechanics education and research. He has been
responsible for the development of many fluid mechanics courses for studies in civil engineering, mechanical engineering,
engineering science, and agricultural engineering and is the recipient of an Iowa State University Superior Engineering
Teacher Award and the Iowa State University Alumni Association Faculty Citation. '

He has authored and coauthored many theoretical and experimental technical papers on hydrodynamic stability, low
Reynolds number flow, secondary flow, and the applications of viscous incompressible flow. He is a member of The
American Society of Mechanical Engineers and The American Physical Society.

Donald F. Young, Anson Marston Distinguished Professor Emeritus in Engineering, received his B.S. degree in me-
chanical engineering, his M.S. and Ph.D. degrees in theoretical and applied mechanics from [owa State Uiversity, and
has taught both undergraduate and graduate courses in fluid mechanics at lowa State for many years. In addition to being
named a Distinguished Professor in the College of Engineering, Dr. Young has also received the Standard Qil Foundation
Outstanding Teacher Award and the Iowa State Univérsity Alumni Association Faculty Citation. He has been engaged in
fluid mechanics research for more than 35 years, with special interests in similitude and modeling and the interdiscipli-
nary field of biomedical fluid mechanics. Dr. Young has contributed to many technical publications and is the author or
coauthor of two textbooks on applied mechanics. He is a Fellow of The American Society of Mechanical Engineers.

Ted H. Okiishi, Associate Dean of Engineering and past Chair of Mechanical Engineering at Jowa State University, has
taught fluid mechanics courses there since 1967. He received his undergraduate and graduate degrees at Iowa State.

From 1965 to 1967, Dr. Okiishi served as a U.S. Army officer with duty assignments at the National Aeronautics and
Space Administration Lewis Research Center, Cleveland, Ohio, where he participated in rocket nozzle heat transfer
research, and at the Combined Intelligence Center, Saigon, Republic of South Vietnam, where he studied seasonal river
flooding problems.

Professor Okiishi is active in research on turbomachinery fluid dynamics. He and his graduate students and other
colleagues have written a number of journal articles based on their studies. Some of these projects have involved signifi-
cant collaboration with government and industrial laboratory researchers with two technical papers winning the ASME
Melville Medal.

Dr. Okiishi has received several awards for teaching. He has developed undergraduate and graduate courses in clas-
sical fluid dynamics as well as the fluid dynamics of turbomachines.

He is a licensed professional engineer. His professional society activities include having been chair of the board of
directors of The American Society of Mechanical Engineers (ASME) International Gas Turbine Institute and chair of the
Engineering Research Council of the American Society for Engineering Education. He is a Fellow of The American
Society of Mechanical Engineers and the past editor of the Journal of Turbomachinery.




Contents

Chapter 1 Introduction
1.1 Introduction

1.2 Dimensions, Dimensional HOMOZENEItY, ANd UDLS ..........ccocceervrsreessenmmssonsssomsssssssssssssessanssssssessssssssssssessssmsssnnesssessessses 3
1.2.1  Systems of UNIfS......ccooeinmveiiininnnntiniineisii s esesiene s

1.3 Analysis of Fluid Behavior .......c..c.ccc.c... eebreeree ettt e e be s e e ash e bRt SR baae e eb e e abebe e e bt sa et 8

1.4 Measures of Fluid Mass and Weight ... : SO OO OOV SO RSTEOU PPV OO YSPTOPRRION 8

1.4.1 Density
1.4.2 Specific Weight
143 SPECITIC GIAVILY .coviviiniricrecitiiette bbbt b s s sea s bbb ses SR sa s bt are bt th st s e e snebsbeseaesbatsasasaetac
1.5 Ideal Gas Law ............. . - .
L6 VISCOSILY .vuvrruitniniecncriainsiniesscesaeesesesssesseaenes s b tene s sae s ese s sb s et e b s e sre b ebmetsereseses st sb e s saesssstassetstsstsesessssassneassranes
1.7 Compressibility Of FIUIAS ....cciiiiicriiiiniiicicniiiitieesesieiresiesise et sesssesssesas s snscsessessssssssentatssssnsesasssesncsassssasssesesesnns
1.7.1 Bulk Modulus
1.7.2  Coefficient of Volume Compressibility
1.8 Vapor Pressure ..........cccccuvuuune
1.9 Surface Tension ....

1.10  Forces Descriptions
1.11 A Brief Look Back in History ...

1.12  Chapter Summary and Study Guide .......
REFEIBIICES .....oveeererriiriniirercrrie et ete et evesesbebe et s s tssseses s eeessaessnesretsenmemeanaeone
Review Problems ......c.ccoveveeerrrenecinecerencreneneene
Problems .........cccocrevrmeinenrienieese e
Chapter 2 FIUIA SHACS .....c.cviviiieeeiieeeicecirete e esce st s s e st r s s e ss s s eemeessts et st ssseesa s st seaeasse st st sesanaeessenens
2.1 Pressure at a Point. .
2.2 Basic Equation for Pressure Field .........
2.2.1 Basic Equation for Pressure Field
2.2.2 Equipressure Surface ............cocovceene
2.3 Pressure Variation in a Fluid at Rest .......
2.3.1 Fundamental Equation of a Fluid at Rest
2.3.2 Incompressible Fluid ....................
2.4 Standard Atmosphere ...................
2.5 Measurement of Pressure..............
2.6 Manometry ..........cocoocmernrrnnne.
2.6.1 Piezometer Tube.............
2.6.2 U-Tube Manometer .......

2.6.3 Inclined-Tube Manometer .
2.6.4 Mechanical and Electronic Pressure Measurilig Devices
2.7 Hydrostatic Force on a Plane Surface .

2.7.1 Force on a Plane Surface
2.7.2 Pressure Prism ................. +
2.8 Hydrostatic Force on a Curved Surface




2.9 Buoyancy, Flotation, and Stability
2.9.1 Archimedes’ Principle ......
2.9.2  Stability ....ccoooereniiiicins

2.10 Pressure Variation in a Fluid with Rigid-Body Motion
2.10.1 Linear Motion
2.10.2 Rigid-Body Rotation ......

2.11 Chapter Summary and Study Guide

References .......... ereresensatasasassasstssassasastsbansa

Review Problems ................. .

Problems ...

Chapter 3  Introduction t0 FIUIds in MONON .........cccooiiiiiiiicc et e e s ee sy e neas

3.1 The Velocity Field .......... .
3.1.1 Eulerian and Lagrangian Flow Descriptions
3.1.2  One-, Two-, and Three-Dimensional Flows
3.1.3 Steady and Unsteady Flows ...
3.1.4 Streamlines, Streaklines, and Pathlines
3.2 The Acceleration Field .........cou.........
3.2.1 The Material Derivative ...........
3.2.2  Unsteady Effects .......ocvvecrvcnnunnne
3.2.3 Convective Effects ................
3.3 The Bernoulli Equation along a Streamline
3.3.1 The Bernoulli Equation along a Streamhing ...............coeevuecueverenreeenennrienns
3.3.2 Physical Interpretation .
3.3.3 Static, Stagnation, Dynamic, and Total PIESSUTE ........c.ceeveereeerrererereereessreresesessesssessssens 114
3.4 Examples of Use of the Bernoulli Equation ...
3.4.1 Free Jets c.nnnnrenecninnereceenenirenens
3.4.2 Confined FIOWS .......cccoovvererevereenennnne
3.4.3 Flowrate Measurement .
3.5 The Energy Line and the Hydraulic Grade Line
3.6 Chapter Summary and Study Guide
References ................

Review Problems ...
Problems .......

Chapter 4 Finite Control VOIUME ANGIYSIS ........cc.ceueruiceereieiiaiaese e e eeeeeeseeeesseeeseeseseseeessesseessessesseeeseseeeeseeeeeeseses.

4.1 Control Volume and System Representations ...
4.2 The Reynolds Transport Theorem :
4.2.1 Derivation of the Reynolds Transport Theorem ........................ e 158

422 Selection Of @ CONMIOL VOIUIME .....c..ccumevumrueseiesaeeeee s sesceeseee s e e eseoessseeseseeseessesesssessssssssesesesessseeee oo eeeeeeseees 162
4.3 The CONtiNUIty EQUALION .........ooevveeveeerrrirrerrrieseeecesieesereaevssssssecesenseessessosssessessesseeseseesess e 162
4.3.1 Derivation of the Continuity EQUation .................ceoveeomeerrerrennnn... e as 162
4.3.2 Fixed, Nondeforming Control Volume ................ et e nee s et b e R b b sttt e s e sae st estnesaebereeRe s saeerenteteseneas 169
4.3.3  Moving, Nondeforming Control VOIUIME .........ce.uevveererueeeenecom oo eeeeeseeeseesessssesss e esessesees e seseeeeeeeeeeeeeeee 170
4.4 The Linear Momentum EQUAtioN .:............coueeememeeeeeeeeesioeseeeereeses e, eeeeteeeraaeeetbaneabeesinrsonnnenan 172
44.1 Derivation of the Linear Momentum EQUAtioN .....................oveeeoremeeeeeosssresoeesesseooeesoeeesoeosoooooo 172
4.4.2  Application of the Linear Momentum Equation . i e JESO TR RIUPTURt 175
4.5 The ENErgy EQUALION ..........oveuvuecrivmnccceeasecsearecsssanssssssssssnsesssessssaossessssesassesssesseseasssssseesssesesssmness s seeessseseeeesoeeesenneeens 191




4.6

References .......coeevvuenne
Review Problems ...........c..c.......
Problems .......ccccoocerverveeninnennn.

Chapter 5 Differential Analysis of Fluid Flow

5.1

5.2 Differential Form of Continuity Equation
5.2.1 Differential Form of Continuity Equation
5.2.2 The Stream Function ...........
5.3 Equations of Motion .......
5.3.1 Description of Forces Acting on the Differential EIEMENL ...........c.co..vveevueeuierrersecoriesisssseneseessssseesseossssssssessons 240
5.3.2 Equations of Motion .......
5.3.3 The Navier-Stokes Equations .......
5.4 Inviscid FIow ......cccooveeivmrincreninenenn,
5.4.1  Euler’s EQUAtIONS Of MOUON .........cevueiuecrnmrneseisirnssesssssse s sesssesssssessssssssssesossassssssesssssessssssssssesssssssosssssssssens. 244
5.4.2 The Bernoulli Equation along a Streamline .............cooeeevvevvrennenn. et et ae st neen 245
5.4.3 The Bemoulli Equation for IIrotational FIOW ...................eceeveiuerveeeerevesersssssosresssesessessssssssseess oo reerereeaerenas 246
5.4.4 The Velocity Potential .. et 247
5.5 Plane Potential Flows .. St tee et e et b et s g et e s e e s aser s Ra e e beRevasabeb bR et seneeneeneneseeteraes 250
5.5.1 Some Basic, Plane Potential FIOWS ..........ccovvveeveeeeennnn. ebes b tenae e rtenataeanr e e sreereesennsnneeseneas .. 252
5.5.2  Source in a Uniform Stream — Haf-BOAY ...ttt et s sasses e s s 257
5.5.3 Rankine Ovals Sttt st et et s bR s s e s R e e b R RS S e nee eSS A re e be R e s e b e e st e ereane et enranesne 261
5.5.4 Flow around a Circular Cylinder . et eae s X . .. 263
5.6 Chapter Summary and Study Guide SOV SRRSO 266
References ... e iR 1881ttt et oo ee oo 267
Review Problems ..................... e 267
Problems ........... ettt e b st se e SR e R e R e et et eren b es bttt eneaeot et seene e nensenentonse s 267
Chapter 6  Similitude, Dimensional Analysis, 8nd MOEING ....................oveeeveeeereeeeeermeeeeseseeee oo oo 276
6.1 Introduction ......... .. 277
6.2 Dimensional Analysis et st as e . 279
6.2.1 Buckingham Pi Theorem ettt bbb s et s e esnorenen 279
6.2.2 Determination of Pi Terms ..... et ettt ae 280
6.3 Common Dimensionless Groups in Fluid Mechanics e et n bt ... 286
6.4 Correlation of Experimental Data ettt 289
6.4.1  Problems With ONE Pi TEIN ..........ceuummerscoreonreeseerecerssssssssssssssssssssseaeeeseesseesseeesesesssssssssessseeseosessoeseeeseeesesseneeeeen 289
6.4.2 Problems with Two or More Pi Terms iAo r ettt e et s o 291
6.5 Modeling and Similitude [T TUUUINt . 294
6.5.1  THEOTY Of MOGELS .......ouicveemeemmmrrisenrasesreseesmeesecsneeseeoseeseeeseseseees oo e eee oo .294
.52 MOGEL SCAIES ..oooveerceeceaeenieenns e aascsss e sssssesses e ssss e e eeseseeeeeeee e ssese oo oo oo ooeseoeeeeee oo 298
6.5.3 Flow through Closed COnduits ...........u.veeveeveeveesremerenooososooooo o .. 299
6.5.4 Flow around Immersed Bodies .. . 301
. 9 .

4.5.1 Derivation of the Energy Equation
4.5.2 The Energy Equation for Steady Uniform Flow
Chapter Summary and Study Guide

Fluid Element Kinematics ............cooeveen.
5.1.1 Linear Motion and Deformation
5.1.2  Angular Motion and Deformation .
5.1.3 Irrotational Flow




6.5.5 FIOW Wilh @ FTEe SUITACE ...cveeuieiriireierreeieerirrieineeeecesiessesaennssessesessessssenssastasassrsssssssasesesensessassssesassrnenssassasens 303

6.6 Normalized Governing Differential Equations OO 307
6.7 Chapter Summary and Study Guide eeeereeeees et e eR st 011410 309
REFETEICES ..vciiiriiiiitetcc ittt s et e e s e s s et ae s e b s st et st s b s s asas b sas e e e ne b beabosessanarsastesaenseshssssaantrssnse 310
Review Problems .............. e 310
Problems ......cccccoccvunnene R e et n e b s e cn e en s .. 310
Chapter 7  Internal Flow and EXternal FIOW ...........couioeiiiiciiiniecinenicstsinseescetnaeseasseese s s srsssases e sssanssesaesessensons 321
7.1 General Characteristics of Pipe Flow . SRR 322
7.1.1  Laminar or TUTbUIENE FIOW .......c.coiuiiimiiciceiisiciincenencrecenntsessasssenssssessssssassssssssesessssesssassssssssssassnsssesssoens 323
7.1.2  Entrance Region and Fully Developed FIOW ...........ccercneninnrneseninessosnnsssssssesssssssssssssssssensssesesssssssssssees 325
7.1.3  Pressure and Shear Stress
7.2 Fully Developed Laminar Flow .................
7.2.1 Fluid Element Approach
7.22 Energy Considerations .....

7.3 Fully Developed Turbulent Flow
7.3.1 Transition from Laminar to Turbulent Flow
7.3.2 Turbulent Shear Stress

7.3.3 Turbulent Velocity Profile .....
7.4 Head Losses in Pipe Flow
7.4.1 Major LOSSES ..c.covvverecaverrennrernrecrenens
7.4.2 Minor Losses .....
7.5 Fundamentals of Boundary layer ..................
7.5.1 Introduction of External Flows .... .
7.5.2 Characteristics of Flow Past an ObJect ...........ov.eveeeceueeorereennan .. 361
7.5.3 Boundary Layer Structure and Thickness on a Flat Plate . .. 365
7.5.4 Effects of Pressure Gradient ettt s b bt et s e .. 368
7.6 Lift and Drag Concepts . 372
7.7 Chapter Summary and Study Guide e e es 376
References ............ erertbesee et et e et st et e s e e a e e saesr s 377
Review Problems .. : ... 379
Problems .......cccooevvviveironvnneecenns ettt er e sassnraas ...379
Chapter 8 Pipe Flow, Orifice FIOW aNnd NOZZIE FIOW .........ecvvvvverrrooooeeeoeooeoeesooooooeooeooooooooooeoeoeooeoeoeooeoeooeoeoo 388
8.1 Single Pipes .......... .. 389
8.2 Multiple Pipe Systems .... 403
8211 Series PIPE SYSIEM .....oc.cumivuiierirerinnunsieneaeseeeseseesscssse e sesesesseeeseessssssessasseee s s e eseseeeeeeeeeeeoesesseen ... 404
8.2.2 Parallel Pipe System .... ettt a e e e b s e b S e 4o St e et s et st s neretseeaeneseasene 405
8.23 Loop Pipe System .... 406
8.2.4 Branching System 406
8.2.5 Pipe Network et 410
8.3 Pipe Flowrate Measurement ecereeueren s r e s s bar e eenae 411
8.4 Orifice Flow. ; ' 416
8.4.1 General Characteristics Of OTIfICE FLOW .......c.vuueuvvuunruomscessnecmmeoseeoeeseeossssoessssssesssesss s ee oo eeseeeensesese s ... 416
8.4.2 Outflow through Sharp-edged Small Orifice . .. 417
84.3 Outflow through Sharp-edged Big OFIfiCe ..........cvuerrveervermmenseeeereemessseeseesessossessseeessesssseeeeeoeeooeesoeoeoeeeeeseseee 419
8.5 NOZZIE FIOW ....oovmriverrittirinsssretisssee e ccceeesenasesetsssssssssss s e sssssss s s seessse s eeseesms s eesssssmt e s see s eoeeeeeseneseseeeeeeeen 420

.10 -




420

8.5.1  INMPOQUCTION ....viviiuieeiititieieecerestcoie e eeetoaeseesaesseestestensasesassssaransssentassrarsasasstessassassenssrnsestsssasns
8.5.2 Steady Flow through Cylindrical Outer Nozzle qrerets ettt e anesrenneneneate 420
8.5.3 Vacuum in Cylindrical Outer Nozzle .........ccccoervviiiiicrnnncnnne 421
8.6 Chapter Summary and StUAY GUIAE .........covreicccreriiniieieceei et e et ste s renene sess s aetssesss s nesssesessabasossssassaeesnssersobesnn 422
REFEIENCES ..ottt sttt s s b et bbbt st s es e as s en s b as s e aen bbb ebs bt eba s s seesemeesnetonsraboea 422
REVIEW PIODIEITIS ......ocuveiiirciieniireeieeiniess et vaceas e tebe e s s et et saescasasssenasenssenssssasssasoseasnesmeonsovataeasosentacarssmeeseasseassansrasasssesesss 423
PIODIEINS ..ottt aa s e e en s st e s b et s e s e s sns b o et b ssaeneaneeenesnmanssgesntaseseseserensseensnsrns 423
Chapter 9 OpeNn—CRANNEI FIOW ..ottt eeeseseisse sttt see e et s ettt eas e e st st enensensaseeeseeen 432
9.1 INEOGUCHION ..ooveiiiiiieieicece sttt e ettt b ettt nass s see s seessentaessaeeseaseeseestetasaresseasesssnssssssesssersn 433
9.1.1 General Characteristics of Open-Channel FIOW .......c.....o.iveieieieeeeeecereneneeeseeeeeseesseessesesesesesssssssesesssnns 433
9.1.2 Channel Geometry........cc.co.v.n....n. 434
9.2 Uniform FIOW .....ccoiimiiieinecreenneesernicetere et st ceeseseessens 435
9.2.1 Uniform Flow Approximations 435
9.2.2. The Chezy and Manning EQUAtions ...........ccocecevemererernrercsnasenesssnsesseeeseseenene 437
9.2.3 Uniform Flow Examples ................ e e e bbb s et abe e be b ersere e eee 439
9.2.4 Best Hydraulic Cross Section
9.3  Surface Waves..........ccocvuennnnn. “
9.3.1 Wave Speed ......cocovvrernveiinnninnanne
9.3.2 Froude Number Effects ... et en 451
9.4 Fundamental of Nonuniform Flow ......... ; 452
9.4.1 453
9.4.2 Channel Depth Variations ... 458
9.5 Gradually Varied Flow .. 459
9.5.1 460
9.5.2  Some Representations of SUrface Profiles ..............ovvwueeveermemoeenrrereereesrsees oo .. 463
9.5.3 Numerical Solution of Water Surface Profiles 465
9.6 RAPIIY VATEA FIOW ...c.oooiriiririeiris st cntsessaas s st ssssessss s ssseset s ss et esss e s e s s e e s eseeeeseee oo 465
9.6.1 The Hydraullic JUIND ottt sttt e st ss ot oeeeeeeee s 466
9.7 Chapter Summary and Study Guide ......... . 473
References .........oocovveeveeveererencicene eereebeeee e st ettt e b as e e eetesaeseesaes .473
Review Problems e ree st s e et e saesa L ea e st s bRt e s aensesaseRa e besbe e anaesnrteesnensessenreseans 474
Problems ....ccccooeeeieeeiriicecie e seenes e VIS Y e et v e s e e s s e e re e e .474
CRAPET 10 WEIE FIOW ......ocovoiiricemiine ettt eescsss s esss s e oo oo eeeeeeeenseeooo 485
10.1  General Characteristics Of Wil FIOW ........oovcomvuvuecroenecoeeereeoeeseoseseeesseossesoeeeeo e ooeseeeseeeeeo ..485
10.1.1 General Characteristics Of Weirs .........coocooovmoverevvecersoon, 485
10.1.2 Classification of Weirs 486
10.2  Sharp-Crested Weirs ..............ccoveeruerenn.n.
10.2.1 Basic FIowrate FOrmula ..........ccoououuovumvneeeeeemneeeeeoeeeseesoos oo .487
10.2.2 Rectangular Weir ettt et 488
10.2.3 Triangular Weir ............. . oot ere e ea e eesesr et et seeaea 489
10.3 Ogee-crested weirs ............. . . .491
104 BrOAG-CIEStEd WEITS ..orvo.ooceeesenreve it cens e sssssss s smses s eeese e seeee oo oeoeeseeoeseeeeeeseen 492
10.5 UNEIIOW GRIES .......ocooo s eeeessassecessessesee s ssssssssesssssseesseeeeeesesesseessesemmss oo eeeeeeeeooeeeeeeee . 496
10.6  Chapter SUMMAry and STUAY GUIGE ......coocuvrevvereeereecesmeesserssssssmnsssssse s eessemeesseesseeeesses oo esoes oo 498
REFEIENCES vttt st s et e eeee 498
REVIEW PIODIEINS otttk et st oo e eoeee e 499
.11 -




Problems ....cooccoeiciciiirciien e OOV OROTRNE 499
Chapter 11 SeEPAGE FIOW ......oooiiiiiiiiciiiiii ittt e e ar e e s e e e e e et e e s srbs e e s b a s e e e b e e s e ar s eesne s e saneebeseanseeeas
I1.1 Basic Principle of Seepage Flow
11.1.1 Seepage Flow Model .......
11.1.2 Darcy Law .....cceccvceens .
11.1.3  Coefficient of Permeability ......
11.2  Steady Gradually Varied SEepage FIOW ..ottt nasseessansessesenasesessasesssesassesas
11.2.1 General Formula for Gradually Varied Seepage FIow ........ccccccccnmveiicnnnincnncnecncnn.
11.2.2  Differential Equation of Gradually Varied Seepage Flow
11.2.3  Water Surface Profiles of the Gradually Varied Seepage FIOW .........ccococovieeciireemvinenecneeieeierere et veenes 505
11.3  Seepage Flow of Storage Gallery .................
11.4  Seepage Flow of Well............ccovevurnenne

11.4.1 Completely General Well
11.4.2 Completely Artesian Well

11.4.3 Multiple-well ...............
11.5  Chapter Summary and StUAY GUIAE .........cviuruiumiuiiceiiietceceeseereesssesnstss e ess s s s st s s ssesbesssssesesesssesesosseseasenns 514
REFEIEICES ..o.voiviriicinisci ittt bbb st s s sttt b e sS4 b s b At bee e ee e e et et saeresasentesseen 514
PIODICINS ..ottt sttt sabesse st ssnsssssaess s s esae et b snses
Chapter 12 One Dimensional COMPIeESSIDIE FIOW ............ccevereerrirerieiiisieeeeeseesesseeeeeeeeseesesessseesessesetaseseessessesesseseneas 517
12.1 Ideal Gas Relationships .............c..voevmnen..

12.2  Mach Number and Speed of Sound
12.3  Categories of Compressible Flow ...
12.4  Isentropic Flow of an Ideal Gas........................
12.4.1 Effect of Variations in FIOW Cross-SECtional ATER ................cuuovereiireriereevssneeseesessesseseessseeessssesessssssessseenne 530
12.4.2 Converging-Diverging Duct Flow .
12.4.3 Constant Area Duct Flow

12.5 Adiabatic Constant Area Duct Flow with Friction 536
12.6 Chapter Summary and SIUAY GUIAE ...........ccocruernrrcrsieriomennnsescesesscesesiessesseasessesesseesesssseesesresessesssessees e seeessns e 545
REFETENCES ...nvvvvreernrerrrcrreieerereneseveaiesstesssiscoueeeenns M e v e e u e s e W Y e R e AR R RS s e RE A e R S e R e e A e e A e e 546

REVIEW PIODICINS ..ottt ettt st sa s e s s et ast st st s e s s s et s e e e 547

Problems .........o.covueveincnicrirerninienere e e et a e nas 547
APPENTIX A .ottt ettt a e e Attt ea et s eene et s e et et et en et e e eeneeeee e 550
APPENGIX B ettt sttt ee e e ee s st e ettt sttt eeeeee e 554
ADPPBNIX © ..ottt et e b e eb e e e e e e e e e ee e e ettt seeee e e 559
APPENGIX D ..ot ettt e ettt e e e s e e e s e ettt eee e 561
ONliNG APPENTIX LISE -.....oevviiereeee sttt st ee e se e e et es s s e es e eeeee e 564
Answers 10 Selected HOMEWOTK PTODIBMS ..........c.cuieuieeereerietee et csees e seeeeesses oo s e e es e eee e 565
IABX oottt st b S st st ee st st s ettt e eoeeenesee e 570
12 .




,
Introduct

on

.
=

#

CHAPTER OPENING PHOTO: The breakup of a fluid jet into drops is a function of fluid properties such as density, viscosity,
and surface tension. [Reprinted with permission from American Institute of Physics (Ref. 6) and the American Association for the

Advancement of Science (Ref. 7).]

Fluid mechanics is that discipline within the broad field of applied mechanics concerned with the behavior of liquids and
gases at rest or in motion. This field of mechanics obviously encompasses a vast array of problems that may vary from
the study of blood flow in the capillaries (which are only a few microns in diameter) to the flow of crude oil across Alaska
through an 1287-km-long, 1.22-m-diameter pipe. Fluid mechanics principles are needed to explain why airplanes are
made streamlined with smooth surfaces for the most efficient flight, whereas golf balls are made with rough surfaces
(dimpled) to increase their efficiency. Numerous interesting questions can be answered by using relatively simple fluid
mechanics ideas. For example:

W How can a rocket generate thrust without having any air to push against in outer space?

B Why can’t you hear a supersonic airplane until it has gone past you?

W How can a river flow downstream with a significant velocity even though the slope of the surface is so small that it
could not be detected with an ordinary level?

W How can information obtained from model airplanes be used to design the real thing?

B Why does a stream of water from a faucet sometimes appear to have a smooth surface, but sometimes a rough
surface? i

B How much greater gas mileage can be obtained by improved aérodynamic design of cars and trucks?
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The list of applications and questions goes on and on—but you get the point; fluid mechanics is a very important,
practical subject. It is very likely that during your career as an engineer you will be involved in the analysis and design of
systems that require a good understanding of fluid mechanics. It is hoped that this introductory text will provide a sound

foundation of the fundamental aspects of fluid mechanics.

1.1 Introduction

One of the first questions we need to explore is, What is a fluid? Or we might ask, What is the difference between a solid
and a fluid? We have a general, vague idea of the difference. A solid is “hard” and not easily deformed, whereas a fluid is
“soft” and is easily deformed (we can readily move through air). Although quite descriptive, these casual observations of
the differences between solids and fluids are not very satisfactory from a scientific or engineering point of view. A closer
look at the molecular structure of materials reveals that matter that we commonly think of as a solid (steel, concrete, etc.)
has densely spaced molecules with large intermolecular cohesive forces that allow the solid to maintain its shape, and to
not be easily deformed. However, for matter that we normally think of as a liquid (water, oil, etc.), the molecules are
spaced farther apart, the intermolecular forces are smaller than for solids, and the molecules have more freedom of
movement. Thus, liquids can be easily deformed (but not easily compressed) and can be poured into containers or forced
through a tube. Gases (air, oxygen, etc.) have even greater molecular spacing and freedom of motion with negligible
cohesive intermolecular forces and as a consequence are easily deformed (and compressed) and will completely fill the
volume of any container in which they are placed.

Although the differences between solids and fluids can be explained qualitatively on the basis of molecular structure,
a more specific distinction is based on how they deform under the action of an external load. Specifically, a fluid is
defined as a substance that deforms continuously when acted on by a shearing stress of any magnitude. A shearing stress
(force per unit area) is created whenever a tangential force acts on a surface. When common solids such as steel or other
metals are acted on by a shearing stress, they will initially deform (usually a very small deformation), but they will not
continuously deform (flow). However, common fluids such as water, oil, and air satisfy the definition of a fluid—that is,
they will flow when acted on by a shearing stress. Some materials, such as slurries, tar, putty, toothpaste, and so on, are
not easily classified since they will behave as a solid if the applied shearing stress is small, but if the stress exceeds some
critical value, the substance will flow. The study of such materials is called rheology and does not fall within the province
of classical fluid mechanics. Thus, all the fluids we will be concerned with in this text will conform to the definition of a

Although the molecular structure of fluids is important in distinguishing one fluid from another, it is not possible to
study the behavior of individual molecules when trying to describe the behavior of fluids at rest or in motion. Rather, we
characterize the behavior by considering the average, or macroscopic, value of the quantity of interest, where the average
is evaluated over a small volume containing a large number of molecules. Thus, when we say that the velocity at a certain
point in a fluid is so much, we are really indicating the average velocity of the molecules in a small volume surrounding
the point. The volume is small compared with the physical dimensions of the system of interest, but large compared with
the average distance between molecules. Is this a reasonable way to describe the behavior of a fluid? The answer is
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generally yes, since the spacing between molecules is typically very small. For gases at normal pressures and temperatures,
the spacing is on the order of 10~ mm, and for liquids it is on the order of 10”7 mm. The number of molecules per cubic
millimeter is on the order of 10'® for gases and 10* for liquids. It is thus clear that the number of molecules in a very tiny
volume is huge and the idea of using average values taken over this volume is certainly reasonable. We thus assume that
all the fluid characteristics we are interested in (pressure, velocity, etc.) vary continuously throughout the fluid—that is,
‘we treat the fluid as a continuum. This concept will certainly be valid for all the circumstances considered in this text.
One area of fluid mechanics for which the continuum concept breaks down is in the study of rarefied gases such as would
be encountered at very high altitudes. In this case the spacing between air molecules can become large and the continuum

concept is no longer acceptable.

1.2 Dimensions, Dimensional Homogeneity, and Units

Since in our study of fluid mechanics we will be dealing with a variety of fluid characteristics, it is necessary to develop
a system for describing these characteristics both qualitatively and quantitatively. The qualitative aspect serves to iden-
tify the nature, or type, of the characteristics (such as length, time, stress, and velocity), whereas the quantitative aspect
provides a numerical measure of the characteristics. The quantitative description requires both a number and a standard
by which various quantities can be compared. A standard for length might be a meter or foot, for time an hour or second,
and for mass a slug or kilogram. Such standards are called units, and several systems of units are in common use as
described in the following section. The qualitative description is conveniently given in terms of certain primary quantities,
such as length, L, time, T, mass, M, and temperature, ©. These primary quantities can then be used to provide a qualita-
tive description of any other secondary quantity: for example, area = L?, velocity = LT"', density = ML, and so on,
where the symbol = is used to indicate the dimensions of the secondary quantity in terms of the primary quantities. Thus,
to describe qualitatively a velocity, V, we would write
_ V=LT"! .

and say that “the dimensions of a velocity equal length divided by time.” The primary quantities are also referred to as
basic dimensions. Those dimensions derived from basic dimensions are derived dimensions.

For a wide variety of problems involving fluid mechanics, only the three basic dimensions, L, T, and M are required.
Alternatively, L, T, and F could be used, where F is the basic dimensions of force. Since Newton’s law states that force

is equal to mass times acceleration, it follows that F = MLT - or M = FL"' T2 Thus, secondary quantities expressed in
terms of M can be expressed in terms of F through the relationship above. For example, stress, .0, is a force per unit area,
so that = FL 2, but an equivalent dimensional equétion is 0=ML"' T, Table 1.1 provides a list of dimensions for a
number of common physical quantities.

All theoretically derived equations are dimensionally homogeneous—that is, the dimensions of the left side of the
equation must be the same as those on the right side, and all additive separate terms must have the same dimensions. We
accept as a fundamental premise that all equations describing physical phenomena must be dimensionally homogeneous.
If this were not true, we would be attempting to equate or add unlike physical quantities, which would not make sense.
For example, the equation for the velocity, V, of a uniformly accelerated body is
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TABLE 1.1 Dimensions Associated with Common Physical Quantities

FLT MLT

System System
Acceleration LT™? LT™?
Angle F°LoT® M°LT®
Angular acceleration T2 T2
Angular velocity T! T
Area L2 LZ
Density FL™*1? ML™?
Energy FL MLT™
Force F MLT™?
Frequency ! T
Heat FL MLT™?
Length* L L
Mass* FL™'T? M
Modulus of elasticity FL™* ML™'T"?
Moment of a force FL MmLT?
Moment of inertia (area) L* L
Moment of inertia (mass) FLT? ML?
Momentum FT MLT™!
Power FLT™! MLT
Pressure FL™? ML™'T?
Specific heat T2 ’7729"!
Specific weight FL™ ML™’T™?
Strain FOL°T® MoL°T®
Stress FL™? ML™'T2
Surface tension FL™! MT?
Temperature 0 )
Time* T T
Torque FL MLT™?
Velocity Lr! LT
Viscosity (dynamic) FL’T ML'T™!
Viscosity (kinematic) rr! r
Volume L L
Work FL MLT™?

* Those primary quantities are referred to as basic dimensions (or fundamental dimensions)
V=V, +at (1.1)
where V, is the initial velocity, a the acceleration, and ¢ the time interval. In terms of dimensions the equation is
LT '=LT™' + LT™!
and thus Eq. 1.1 is dimensionally homogeneous.

Some equations that are known to be valid contain constants having dimensions. The equation for the distance, d,
traveled by a freely falling body can be written as

d =4.905¢ (1.2)

and a check of the dimensions reveals that the constant must have the dimensions of LT -2 if the equation is to be
dimensionally homogeneous. Actually, Eq. 1.2 is a special form of the well-known equation from physics for freely
falling bodies,
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g (1.3)

in which g is the acceleration of gravity. Equation 1.3 is dimensionally homogeneous and valid in any system of units.
For g = 9.81 m/s? the equation reduces to Eq. 1.2 and thus Eq. 1.2 is valid only for the system of units using meters and
seconds. Equations that are restricted to a particular system of units can be denoted as restricted homogeneous equations,
as opposed to equations valid in any system of units, which are general homogeneous equations. The preceding discus-
sion indicates one rather elementary, but important, use of the concept of dimensions: the determination of one aspect of
the generality of a given equation simply based on a consideration of the dimensions of the various terms in the equation.
The concept of dimensions also forms the basis for the powerful tool of dimensional analysis, which is considered in

detail in Chapter 6.

f

1.2.1 Systems of Units

In addition to the qualitative description of the various quantities of interest, it is generally necessary to have a quantita-
tive measure of any given quantity. There are several systems of units in use and we shall consider three systems that are
commonly used in engineering.

British Gravitational (BG) System. In the BG system the unit of length is the foot (ft), the time unit is the second (s),
the force unit is the pound (Ib), and the temperature unit is the degree Fahrenheit (°F) or the absolute temperature unit is
the degree Rankine (°R), where

‘R ="F +459.67

The mass unit is the slug.

i N T R s =i t h e N e w s

How long is a foot? Today, in the United States, the common length unit is the foot, but throughout antiquity the unit
used to measure length has quite a history. The first length units were based on the lengths of various body parts. One
of the earliest units was the Egyptian cubit, first used around 3000 B.C. and defined as the length of the arm from
elbow to extended fingertips. Other measures followed with the foot simply taken as the length of a man’s foot. Since
this length obviously varies from person to person it was often “standardized” by using the length of the current
reigning royalty’s foot. In 1791 a special French commission proposed that a new universal length unit called a meter
(metre) be defined as the distance of onequarter of the earth’s meridian (north pole to the equator) divided by
10 million. Although controversial, the meter was accepted in 1799 as the standard. With the development of ad-
vanced technology, the length of a meter was redefined in 1983 as the distance traveled by light in a vacuum during
the time interval of 1/299,792,458 s. The foot is now defined as 0.3048 meters. Our simple rulers and yardsticks
indeed have an intriguing history. ll

International System (SI). In 1960 the Eleventh General Conference on Weights and Measures, the international
organization responsible for maintaining precise uniform standards of measurements, formally adopted the International
System of Units as the international standard. This system, commonly termed SI, has been widely adopted worldwide and



