Mahmoud Massoud

Engineering Thermofluids

Thermodynamics, Fluid Mechanics, and Heat Transfer

With 345 Figures and 13 Tables

@ Springer



Table of Contents’

IL

Ila.

IIb.

INtroduction.............cccooooiiiiniiii e 1
1.  Definition of Thermofluids ..........cccoccevverniniiieiniinierier e 1
2.  Energy Sources and CONVEISION ......c.coeereeruinirieneenciicreneecreneeneneen 2
3. Energy in Perspective.....ocooceeeeieiiiineiec et 4
4.  Power Producing SyStems.........c..cccoviiiiiiniiiminiiiiiiecces e 5
5. Power Producing Systems, Fossil Power Plants ...............cccccccis 6
6. Power Producing Systems, Nuclear Power Plants .............ccccccccciiee. 11
7.  Power Producing Systems, Greenpower Plants ...............cccccccn 17
8. Comparison of Various Energy Sources.........cccccvecvevceeiriccnccnneeninnnn. 23
9.  Thermotluid Analysis of SYStEMS........cccccveevmniniiicrccniiie e 25
QUESHIONS ....vveeeieeiiieeeieitieeeiteee e sstaresetetaeeeetsaesessssbaeesnsaanasssssaeaanseaesessnsans 27
Problems ... 28
ThermOAYNAIIICS .......ccceiiiiiiie ettt ceeae s sttt re e sse e s see e 31
FURamentals........cocovveveeeeieiinee ettt s s 32
1. Definition of TErmS......ccccciiiiiiiinniiiiiiiiei e 33
2. Equation of State for Ideal Gases.........cccocveeviiiiiciiinir i 41
3. Equation of State for Water .........coovveeverieereneee e 46
4. Heat, Work, and Thermodynamic Processes ........c.cocceeveriiiiocrcnviiinas 55
5. Conservation Equation of Mass for a Control Volume..........cccccceuee. 64
6. The First Law of Thermodynamics..........ccccoeeviniviniccicinnninnnnnnn, 66
7. Applications of the First Law, Steady State........ccccovnniiinnii 70
8. Applications of the First Law, Transient.........c.ccoceeveveeiererecrcrrnncencnn. 81
9. The Second Law of Thermodynamics .........ccoccceereeeeninicnnenceeenennne. 96
10. Entropy and the Second Law of Thermodynamics .........c.ccccvveueenen. 105
11. Exergy or Availability.......ccoovveiviiriiciiineneiiiieein e 116
QUESTIONS ..vvieieeeiieeeeireeeeeeirisces et e e e s raae s sasbe e e s nreseeeabasaeasnareeesasnessaaneness 123
ProbBI@IMIS ..ottt e 125
POWET CYCIES ..eoieeriiieiieritiere ettt et st s et bt e s eerteeneneseane e 144
1. Gas POWEr SYSIEMS ....ccoecoieirrireieiicereeeene et enee e s 144
2. Vapor POWer SYSIeIMS ....c..oiiiiiiiininiiiiiiicreesis s cenens 161
3. Actual Versus Ideal Cycles .......c.ccoimiiiiriiiiiiiii e 174

" The related flow chart follows this section



XII  Table of Contents
QUESTIONS ..eevvreenrirerrerierersieesteestraeesiresenresassaaaneressnatesssaesseesesssaesessasenennees 177
ProbBIEINIS ..ottt st seae e 178
TIC,  MIXEUTES .c..veeeieiiniieriee ettt sttt s s s n e s e ssneeaneesennessaveesamanenas 187
1. Mixture of Non-reactive Ideal Gases.........cccoocvvvvienceerinieenieeeninennns 187
2. Gases in Contact with Ice, Water, and Steam .............ccovvvvveeverernnnnnne 193
3. Processes Involving MOISt Ail......ccoccervieiiieriinieriiicnee e 196
4. Charging and Discharging Rigid Volumes ............c.cccocoevviviinnenne. 203
QUESHIONS ..eieeeeeetiteeeeiinreeeeieeeeetntrasesesessasnnnsenabaesanennresssabebeeeasnreseesansanes 217
PrODICINIS ...yeveeiiiieiiieeien ettt st eiet e st e sbtae st e snraesaaesnanesasees 218
HI. Fluid Mechanics..........cccoooviveeiimireciieieseeeee e e 223
IITa. Single-Phase Flow Fundamentals .........cccccovvveeneminciriineenecrnninecnienenenan 224
1. Definition of Fluid Mechanic Terms ..........cccccoveviiircrnneciniicncnenns 224
2. Fluid KiNeMAtiCS ... cveeerrreeeeirrererereerenetarareseeeeeeaeaneeseeseneessessesssesenes 233
3. Conservation EQUAtIONS ........ccccceevvercieinierimierenieeeseeeeressnasesresssenas 239
QUESTIONS L..vvieeerirereeiiieeerrercteesteiesreesstees s aeeeneessbbasenssesssessebeasnseessreenaneees 274
PrODIEINS ...eeveeiiiiecrecier ettt sre st e e s ba et raesaenesones e neas 275
IIIb. Incompressible Viscous FIOW .......coccciiivieniiiiiiieiiiiice e, 286
1. Steady Incompressible Viscous FIOW ........ccccoeceniiiiniiinicnicnnninnns 286
2. Steady Internal Incompressible Viscous FIoW........ccoccoveninicennnns 289
3. Pressure Drop in Steady Internal Incompressible
ViSCOUS FIOW ..eoiiiiiiiiiieecicie ettt 295
4, Steady Incompressible Viscous Flow in Piping Systems.................. 310
5. Steady Incompressible Viscous Flow Distribution
in Piping Networks ........cccocooviniiiiiniiccii e 337
6. Unsteady Internal Incompressible Flow.........c.ccccoocciviniiniiincnnnne. 343
7. Fundamentals of Waterhammer Transients ........c.ecceecemvnvrneiceennenns 371
QUESLIONS L..eeieeeeeceiieeeeieirieesreseeesattrsseetasaeenaeeessabebaesanneeesaanbneaesareeasaennes 383
PrODIEIMIS ....eeoiiceieiie ettt e e s 383
IMc. Compressible FIOW .......cocveiiiiiiiiiniiiic it 399
1. Steady Internal Compressible Viscous FIOW ........cccccoevveviniiininnne 399
2. The Phenomenon of Choked or Critical Flow .........occovveiiiiinnnn. 414
QUESHIONS .. vveeriieeeiiieireesbe et reeesbesesse st baesiesesateesansaessnesnoreensassnens sarens 426
ProbIemis ......coovmiiiieciiiecrcc et s 427
IV, Heat Transfer............ooovioiiiiiie ettt e e et sene s 431
IVa, CONAUCHION..c.tiieiiiiiiieeiree ettt et sttt e s essae e sme s reeesmnaee e 431
1.  Definition of Heat Conduction TErms .........ccccevvveerveenerennncennenenen, 432
2. The Heat Conduction EQUation..........cceocoreeveeeiiiicniinicnniccereeene, 437

3. Analytical Solution of Heat Conduction Equation...........c.ccc.eeveen.e. 444




Table of Contents  XIII
4. Lumped-Thermal Capacity Method
for Transient Heat Conduction.............eveiveiveeviiiiieieieeereeeeeeenreeaneesens 445
5. Analytical Solution of 1-D S-S Heat Conduction Equation,
SIAD <ottt et s re s et e et re et seaaeans 448
6. Analytical Solution of 1-D S-S Heat Conduction Equation,
CYHNACT .ottt e et eevesas e sreaeanens 461
7. Analytical Solution of 1-D S-S Heat Conduction Equation,
SPRETE ...ttt s eerae s 474
8. Analytical Solution of Heat Conduction Equation,
Extended SUITACES. .....coovveieie et 477
9. Analytical Solution of Transient Heat Conduction..................uc....... 485
10. Numerical Solution of Heat Conduction Equation..........c.ccccccceu..... 499
QUESHIONS ..eievvrererreeeieenrniricrereieeeserereettereamaeeesseeasesesssessssaensreeensnesesesansesans 501
PrODIEINS ..oooieneeeee et ettt e et es 502
TVD. FOrced CONVECHION . ......vvvveieeieeeeciiiieeenee e ceeeies et seeereee e s s eveeeesnbesesesans 518
1. Definition of Forced Convection TEImS .........coovvvvvvvvvvmeiereeirereeeeennens 518
2. Analytical SOIULION .....cocovivriieiiiiiiicnceeter e 521
3. Empirical Relations.........cccovieverineesienienieierceeeee et 534
QUESLIONS .veeeverereriieretereiteresaeseseeserereistereansesessressesssssasssssanassseensnesosesesesans 541
PrObBIEMIS L.t e ennes 541
IVC. Free CONVECHON . .....cceeeieiieeee ettt et e e et e e e e s snane s 549
1.  Definition of Free Convection Terms ..........c.covvvvvveriviieieneiciieeeeeenns 549
2. Analytical SOIULION .....c.ccoviiiiiniiiiiicnee e 550
3.  Empirical Relations..........cocccvieiriiincnninieieiieienieenc e 553
QQUESTIONS .eeeeiienirrrieieieieieieiietiee s eeeseeceataretabeeess e sae senanrasesesssessessarsenseaeses 557
PrODIEINIS ..ottt e e et e r e aaes 558
IVd. Thermal Radiation .............ccccoveviiiiieiiiee et 561
1. Definition of Thermal Radiation Terms...........cccoevvvvevivviervirenrerennnns 561
2. Ideal SUITACES....cioviiiiieeeereee et abtn e e e e sreearaeae s 568
3. Real SUITACES c.eeeeieiieeee et et e et e e s s eneens 573
4. Gray SUITACES.....ccceeiieiriit ettt stee ettt ne e 578
5. Radiation Exchange Between Surfaces..........ccocovvvvvveeecreciecreecenecnns 579
QUESTIONS ..veeeurereeiureetieeierrressceerteeeroteeesseesessaesereessasssssessseessnsssnsnsestseesnsennn 592
PrODIEIIS ..ottt e e e e e eese s e e 592
V. Two-Phase Flow and Heat Transfer.................ccccoovieevriviviciiiieene 601
Va. Two-Phase Flow Fundamentals.........occvvvvioiiiiecierieeeeeeee e e 601
1.  Definition of Two-Phase Flow Terms...........c.coeevveeecmereeineeeeeinnnennns 601
2. Two-Phase FIOW RElAtiON ......ccoouvviiiiiieiiiiieeeee et 606
3. Two-Phase Critical FIOW ......c.cccoomviiviiiiieeeie e 622
QUESTIONS ...eveiiieiiieeeieee e cctte e e e e s e e e e et et e e eesaeeeessersraeessetsaeaesteseennrneens 632
PrODIEINIS ..vvvein ettt e e te e et an e 632



XIV  Table of Contents

Vb.

Vc.

VL

Via.

VIb.

Vic.

BOIlING .o 637
1. Definition of Boiling Heat Transfer Terms...........ccceciviiiiiinnnnnne 637
2. Convective Boiling, Analytical SOIUtions..........ccccceceeerveenrerrenonnnn. 641
3. Convective Boiling, Experimental Observation............cccccoceeeerninaen. 648
4.  Pool Boiling MOdES ......c.covvvuvrriiinerienieiiicniieite et e 650
5.  Flow Boiling MoOdes ......cocevuerviieimieiiiiieciinienciterce e 658
QUESHIONS ...evviiieeciiiieeecciteeecitereeeeieeeeeivaeees e abtasa s nnteeesnnaeesesarseasanseessesernnes 672
PrODIEINS .oouvvie ittt ettt st ettt s s be e sne s 673
CONAENSALION ...viriviieirieeriiete ettt ee e eesabe s sebessee s e sne s 677
1. Definition of Condensation Heat Transfer TErms........cccocccnrvervnns 677
2. Analytical SOIUtION ...ccovivrirerriirririe ettt s 678
3. Empirical SOIUtion .......ccoooiiiiie e 682
4. Condensation Degradation.........ceccveerveenviiinciciniennnienienneneneenene 684
QUESTIONS ..eeeieieieeetiiieeeeeeteeeeeetimteeeeeeeeeea i eeeesassaaanasstaeesaasaeasessnnnasessssrensases 685
PrODIEIMIS ..cceveviiiieiee ettt ettt e e e 686
APPLCAtIONS ..o 687
Heat EXChangers .....coccvvvvrieeiiirieirieneiinie ettt s e snee s 687
1. Definition of Heat Exchanger Terms..........c.cccoccivneeviecnrennenneennucenn. 687
2. Analytical SOIUtION .....ooveruiieiiiieiiiiiiie e 690
3. Analysis of Shell and Tube Heat Exchanger..........ccccovevcnnieeinenee, 702
4. Analysis Of CONAENSETS.....ccovvrrrrieiririerieriie et e 710
5. Analysis of Steam Generators............ccovuiioreriririeririrecsarereeeereenne 716
6. Transient Analysis of Concentric Heat Exchangers...........c.cc...c..... 719
QUESLIONS ....ivivieeeirieeeeeeereeeceitteeeeesireeeesesreeesaubeseesaanteesensssaesssnbueasassesaenannes 723
ProODICIMIS ...t et n e s ae e s eraae e 723
Fundamentals of Flow Measurement...........cccccvvrrueenveennieciiienneenninnecnen. 728
1. Definition of Flow Measurement Terms..........c...ccceoevveeenerevernraneenne 728
2. Repeatability, Accuracy, and Uncertainty .................. S 729
3. FIOWMELET TYPES wrevrreieriiirrireiierneeetemeeeneesteesireessaeae s essies e sesaesnrens 732
4.  Flowmeter Installation ...........ccooeeiiiiiiiiiiiiiiiiccnc e 744
QUESHIONS ..eeieeeeeiie e e eeteeeeire e e e et seesrarere s reresenenreresennseseseseneeensabesenesanne 745
ProbIems .....cooimiiiieee ettt e 745
Fundamentals of Turbomachines......c...ccceveveevcuiiniiieinienieciiieneiin e, 747
1. Definition of Turbomachine Terms ........ccccoeveverreeveencinieenencrereeenne. 747
2. Centrifugal PUMPS c..oocvevieeiieieneeniiiiisiiiii i 749
3. Dimensionless Centrifugal Pumps Performance........c.cccccoennenneene 755
4.  System and Pump Characteristic CUrves .........cccovveevuvieniierciereneenenne 762
5. Analysis of Hydraulic Turbines........ccccovivciiiiiiciiniinininiiienn, 769
6.  Analysis of Turboject for Propulsion.........ccooiiiniiiiiiiiiniicinen, 777
QUESHIONS ...t e e e e eeee et eeeeaee e e s s areseesestessnsnesaeennsasessssrenennes 779

PIODIEITIS 1ottt b e e bbb e anan 780



Table of Contents XV

VId.

Vle.

VIL

VIla.

VIIb.

Vilc.

VIId.

VHe.

Simulation of Thermofluid SYStems .......c.coovvevviriininrienerrcrrecreeeese e 784
1. Definition of Terms.......ccooceririoriieieeecen e e 784
2. Mathematical Model for a PWR Loop.....ccoconiciiicccceee 786
3.  Simplified PWR Model........ccccviriiiereirreriininens et senne e 791
4. Mathematical Model for PWR Components, Pump.......................... 802
5. Mathematical Model for PWR Components, Pressurizer ................. 811
6. Mathematical Model for PWR Components, Containment .............. 819
7. Mathematical Model for PWR Components, Steam Generator ........ 827
QUESLIONS .evvteevreeeieeerteeetiresstteeetraeseaeeessresersreessaessbaessrssessresssasasssassssnsseres 829
Problems ....oviemiriiieiie ettt et 829
Nuclear Heat Generation............ccoceievienienieenieniennienaennioreneeeeseesiesseseene 841
1. Definition of Some Nuclear Engineering Terms.......c..cccccoevvrvenenen. 841
2. Neutron Transport EQUAtion...........ccccvviiiiniiniiniiniiiiceceeee e 853
3. Determination of Neutron Flux in an Infinite Cylindrical Core........ 859
4. Reactor Thermal Design .....c.cccocererieieininiininitiiiiiniicneee e 877
5. Shutdown Power Production...........c.cccevrievecorecieneenieneeieseesiese e 882
QUESTIONS ...oeneeiieietieit e et e st stee e e ce b e seeeaeae st e bt sbesamae s eeneaeneeesns 884
Problemis ....cviemiiiiiieere ettt et 884
Engineering Mathematics ..................c.occoveeniiiiiininineeeeen, 901
Fundamentals.........cccoieiioincriececeieeeecnieete et 901
1. Definition of Terms.......cccocveruiverieeierieereeriieniesieesee e erreessreae e e 901
Differential EQUAtIONS .......ccoceriiiriieiireerrr ettt eateeie e 911
1. Famous Differential EQUAtIONS .........cccoceeviviiiniiininirennieneneeieneneene 911
2. Analytical Solutions to Differential Equations .........ccccceeeeecenruennnnn. 919
3. Pertinent Functions and Polynomials........ccccceeverrrervnrvnrseesvnsrenennn. 936
VECIOr AlZEDIa...cocviiieiiiiccinteie ettt 943
1. Definition of Terms.......cccoceveirinnrinniiiiiictiie et 943
Linear AlZebra.........cooeooiiiiiiniiieeee et ettt 963
1. Definition of Terms.......ccccceieirimnniiaiiiniiieincee et nreeeseee e 963
2. The Inverse of @ MatriX.....ccoouororvieivcenineeneee e e 968
3. Set of Linear EQUAtIONS.............oevvviverevereneeisaeseressninsssessesesssesssnans 971
Numerical ANALYSIS ...cc.coeuiieiiriieiieeie ettt seeseee e 976
1. Definition of Terms ......cccocceciiirieniiniciiiitie et 976
2. Numerical Solution of Ordinary Differential Equations................... 979
3. Numerical Solutions of Partial Differential Equations...................... 985
4. The Newton—Raphson Method ........c.ccceecviiiiiiiniiinnnicnnneineee 1004
5. Curve Fitting to Experimental Data..........c.cccooviveieennreciencncnenen 1006



XVI

Table of Contents

VIIL. APPENAICeS ........ccoorueiiriieiieeieetene e oo st 1011
L Unit Systems, Constants and NUMDETS......c.ccocveiereiricienineinneenieneeeens 1013
II.  Thermodynamic Data ......c.coecevrniiiiiniiniiniiiicnrcnrcretsc e 1023
III.  Pipe and Tube Data........ccceveemiriminiiiiiiniiiiiinese et e 1049
IV.  Thermophysical Data..........ccocoeiivirirviinniieeiieeee e, 1059
V. Nuclear Properties of EIements .......c..cccooovviiiiininvmicneeeciien, 1091
References............ccoooeiieiiiiiiiciniiiiiii 1097



