Contents

P O s S D B B R T P S S i i XXVil
ACKNOWIEAZEIMENTS ...ttt sttt a bbbt eseebe et s et et et ae e eaaenn e XXiX
H oW 0 SE NS DOOK: x5 susvsesssvnsrmsnivmsnsossneissesionssiens saonssasasssnssvssesmisivsts doRiAs S mieans s RSy no oL e P AR RS XXXi
CHAPTER 1 Introduction to: DOSIZN.......siisissssssnssivisssississasisssnsssusosissssssssususssssissssss 1
To1 INHEOAUCTION 1ottt en 1

1.2 NAUTE OF AESIZN cueviveiieiiiiieieeeiee ettt s et es ettt ese et e s ese et esane e 1

1:2:1 The design objective (the need). ... iuisimisiimmimniimivsismssaaisavisssssmssssssmig R

1:2:2:Setting the ' AeSign Basis s s s i e T e RS S S Sis 4

1.2.3 Generation of possible design CONCEPLS........ccceverererreeerrersnisrnesessreseseesnesnesansns 5

1.2.4 FINESS TESTINE ..vtviiiiieiiieiiteieseeeiesiesseiesa sttt ess bbb eae s ssesasteas 6

1.2.5 Economic evaluation, optimization and Selection ...........cccoeueviiieviciciinieinnns 6

1.2.6:Detailed ‘design’and equipment selection .. aimimunnsimnniiaisiiiiss 7

1.2.7 Procurement, construction and OPeration .............cccccecueeemnineniecninnessesiieneens 7

1.3 The anatomy of a chemical Manufacturing ProCess .......ooeeeerieeeiererrereerereeseeeeeens 7

1.321 Continuious ‘and batch DrOCESSES s sussssnsisssisssssssssnssessussssssssessevsissenssussiosnsiossye 9

1.4 The organization of a chemical engineering Project ...........vueveueeeereererireeeerereenenas 10

1.0 Project A OC M N A Ot syt o T e s P S ety 13

1.6 Codes and STANAATAS ......c.o.eviuiiiiicieieece e 15

157 Desigh factors (DERTETI TATEINGD . cvmnsseseosonsessmussossmsdssasusussesssns sysavasus aenssssassessassssssas 17

18 Sy S EeIS  OF UNIES vcoaicisiuvonisusonsansmsdorsisionsusns souaeiisissess sue s v koinevbssass sus s SH IR AR VRS 17

1.9 OptMIZAtON ot R R 19

1.9.1 The design ODJECIVE ....cuvevuiviiiiieiiiciciieciec e 20

1:9.2 Conistraints and degrees Of fTeEdOm . cvcmseossissessoserarsissssassassissonsssarsssasssnsrnes 21

B EC B B T3 (L0 § R e it S A SR D AT A PN PERRN 24

1:9.4: Problem: decomposition -« et i s i e s v asviunss 25

1.9.5 Optimization of a single decision variable ..........cccccovvniiiininiiicicinne, 26

1.9.6 Search methods......c.ocviiiiiiiiiiiiic e 27

1.9.7 Optimization of two or more decision variables ............ccccceveviiniiiiniinnn, 29

1:9:8 Liinear Pro@raiimITNG .o aassamss o s G s s s s ios iy 32

1:9.9 Non-linear programmang i i i R R e 34

1.9.10 Mixed integer programming .........ccccceceieeierrseseesseesieseseesssessessessssessessees 39

1.9:11: Optimization in indOSEIAL PRACHICE .u.uiisessseismisassosnsssoonmsnissisisissssspsssssusinsisss 37

TaA O R OO ccuiiucumasumisnisssisvaia s S5 e S S S A R SR oY SR 41

LI (27 1= T R P 42

1,12 PrODICINIS oottt ettt eb bbbt nestennes 43

vii



viii Contents

CHAPTER 2 Fundamentals of Material Balances.............ccccococcnivivnincinnnnisicicninne 47
2.1 INIFOQUCTION ottt ettt bttt ettt et et b e s et esa et eeasees 48
2.2 The equivalénce of Mass AN BREERY ...cswvvvssmssnsssisinsssiismsmsnmassesssassssvssnsasssssssasnsas 48
2.3 CONSErVATION 0L TIASS ausasansisuissssessssss st s aaske s s ISR oo R SR e AN ee e 48
2.4 Units used to:express COMPOSIIONS ....cciuuiiisivsiaiidiaiuiiomiustoniaivsionstsnsssioniivessnss 49
2.5 SHOICHIOMEITY ..uiieieieteieteieei ettt ettt s ettt es et es e e e s esa st eseanenes 50
2.6 ChOICE O SYSTEINT DOMMATY 0 svsouimessiconsssnsasiesses sondsseisapstussss sskiss aoda e s sispsagasasoasis 51
2.7 ‘Choice bl basis Tor CAlCRIAIONS «xvisrvsmmss st s T v s e 54
2.8 Number of independent COMPONENLS ..........cccceeuererieiesissonsassesenssassosssssensassssensasiosess 54
2.9 Constraints on flows and COMPOSTLONS ......cveveuereriiirierireieieeeeeieiereseseseseesesesesseaes 99

2.:10 General AlFebralcIEHOU s osssssssimsssssscrmmsnsssnimismsmssasnsssisasssssusansssssassssmmssssgissssnsss 56
7 O B o 111071 1 K2 TP R 58
o b A 2 (L L T 1 B T 59
2.13 Conversion, selectiVity and Yi€ld..........c.c.ccesecscensesieniuansaesesssasnsnsnsnssssesssmsnsassasssssses 60
2.14 RECYCIE PrOCESSES ..uvuviveveieieireiiesessssesesesssssessassssssssssssesesesesesssesessessesssesesesessnssenees 64
2UED PUTDE wcuvusasvwsnsssismsnisiases o o seas o Vs T RSSO RS R o 66
2L B By DA s e i S B B S R S B s 67
2:117 Unsteady-statercaleulations: i s i s S i, 68
2.18 General procedure for material-balance problems .........cccoeovieeereeierinirieeeenenenens 69
21O RETEVETICES  ovsusuuvsnvuassussnomsnsasemse s ssens ssoms o6 a5 5 s S owHOSA R EARE HSEA SSSRS RESE00 70
2.20 INOTRBNCIAIITEY v vvssmummssuisss s s s oo B S oS SRS BSOS a3 0vs5 71
220 PO S s s B R R R R R R 74

CHAPTER 3 Fundamentals of Energy Balances and Energy Utilization................ 75
K I 111 {0 T | 76
3.2 CONSErVAtION Of ENETZY wevvevereeeieiiieietesetessiessesesesesesesessesesesesesssassssesesesesesssesssssssssesens 76
3.3 Forms of energy (per unit mass of Material)..........c.oceeerueevieeerriereeeeeeeesee e 76

3.3.1 Potential Erergy .. u v st s oo i Ve s s o s i as 76
332 KNG MO Y s s o oo L e e e )
3.3.3 INLErNAl @NETZY ..veviiiiiiiiiiieieiei ettt eas 77
SIZN: R o] RTINSO USSP 77
B35S HEAE ccruovausisicsionessos svavinsboramsssssese s ioRm o35 oV SRS RS TSRS PR S NR Ra 78
3:3:0 Electracal enerRy s iasssssosins sy S T i e e S s v iais 78
3.4 The energy DAlANCE ........c.cueveveieieieieeeeeeeee ettt a st es s esessesesens s s eseannes 78
3.5 Calculation of specific enthalPy .......ccccovivieieeieiieieieeeeieee e 82
3.8 Mean heat CAPACITIES s e s 83
3:7 The effect’of pressure on: heat CAPACIEY usmseiims i s e R S v 85
3:8 Enthalpy of mixtures st 87
3.8.1 Integral heats of SOIULION ..cviiiiiiiiiiiiici e 87
3.9 Enthalpy-concentration diAZIaMS......coussessesossssisisrssiosesosssnessssssssassssasassasissssssssasissos 88

310 Heats of TRACTON . suuuivscassiimississ s oot s 5es s S S S e oSV R S G S TS 90



Contents ix

3.10.1 Effect of pressure:on heats:of reaction ... ittt 92

3.11 Standard heats of fOrMAtIoN .....c.c.oiieiiiereiieieeieieieeeeie e enes 94
3.12 Heats Of COMDBUSHON ..ottt ettt s et ees 95
3:13 " Comtipression afid/ eXpANSION OF TASES, .. eusswessmsnossmvsssstonsssissorspsisssiss s asaasssesasss 96
313 Lo Mollier: QAR TAMS w:uscsicuaisrsis i s e T O A 97
3.13.2 Polytropic compression and eXpansion...........coeeeereeeereereeereesesesesessnennes 99
3.13.3 MultiStage COMPIESSOTS cuviviiriieiierieeeerieestetissesserseess s sieeseeeseseaessassessannes 102
BT ElCCICAR CRIVES s awnsumvvssusonomsinssssnssss cuaso e samsi s dsuas o S55a%8 SR oHs A RiRoR RS 103
3.14Energy: balance calculationS . amnssinmiainiisanisnsmimis s 103
3.15 Unsteady state energy balances :...iiiiminismimhimimismioe 105
.16 ENEIZY TECOVETY .nviuierieeeienieeeteetetesaeaesestesesaesseseesassesaessessesessesessesassasesesssessssessess 106
3161 HEAE BXCHATEE .. oo umussmmunce assonsssesisismsnssnasnesssiesSassiasioasus B e o9 HERRRERESO R3S 106
3.16.2 Waste-heat BOilers ... uuamnnniimmmanininimasmisiiiaiisiesiieaimgss 107
3.16.3 High-temperature: TeACIOLS su.si i iiivissibieiin s i 109
3.16.4 LoW-grade fUCIS......oeviiiieiiicie ettt 109
3:16.5 High-presSure ProCesS SEANNES i e esonresissossrsvsisossassssssaionssvssnivasssniviunsssnsyssss 111
3166 HEAL: PUMPS ciswsinmonsivvsssionsisiiovsiissiesiosssiisoiuiiiibirodbsasiseissieresisvusinions 113

3.17 Heat exchanger RetWOTKS it 114
317, 1 PINCH A0 ORY. ..cvovasrsssrossnsssmesirmnenmsonsssitonmionsensssrnass hssnsnosnnesesssansinasmsisss 115
3:17:2; The problen Cable SO vvisuumsusssisssossonsnssstassvsssssassssssssensossenssssspsossagsssns 120
3:17:3 Heat éxchanger network desiSili o wmuissamsnmiasssismssi 123
3:17:4 Minimum:number: of exchangers: . nanmnmnnnanninainmninnsinama 126
3:17.5 Threshold problems::vmsiiisiisnsimmssas 128
3.17.6 Process integration: integration of other process operations..............c....... 129
3.17.7 Computer tools for heat exchanger network design.........cccceceevivviiicccinns 129

R B L T T T 133
3.19 Nomenclature:.;.iismiasadimnisrmmmsssmmniniisannmaisins 134
3220 PrODICINS 1.ttt ettt sttt es e st s e n e eaens 137
CHAPTER A  FYOW-BINOBEINIG oyt s sy b v s e S i 141
4.1 INIFOAUCTION 1ttt ettt es ettt ettt et ae e etenes 141
4.2 FloW=Sheet PreSEICAEIONE  voovscsvwmnsssnossmenusssboremseststons o eais o asvis s esm is s GRS RS SR 142
2.1 BlOCK QRABPATIS S cxrunasmsssivimnsis i atosnsisassionsnsdes s sai s s s savsssinssss 142

4:2.2 Pictorial Tepresentation . i iinsiimiiaismiiusaiism i 143

4.2.3 Presentation of stream flOW Fates.......coeeirviiuiiininiiiicneirccecenecciesieeens 143

4.2:4 Information to be inCIUAEd. .. .. iscoseesrsossonsassmsssnnssissssassasuassrenssmsnsansessgosusasses 143

425 EaYOUE cocuivusnvimuaimsasossisnmsass s i v e e o v s A ss R e v e 144

4. 2,6 PreCISTOM OF QAT oo e e s e S RS RN 148
4.2.7:Basis of the CaloulatION 1 ..c.cuiisiiinsiaiissfestossinminaissssassisisnsassassasssssassdasnoisasorio 149

4.2.8 BALCh PrOCESSES .....eerveeeeereeeruennrieniienissstessesssesssesssesssnssssosanssssesssesssosssassess 149

A 29 UTHTTEIES ocsmucummovosssmmsiionnsiinomnassenss dehaussssomssuuasasingsdovasio s oniosossinens Vs svassavoRYs 149



X Contents
4.2.10 Equipment 1dentification . ....usmsminssasiimsmssmssioimisvaminisiie 149
4.2:11 Computer:atded drafting o s s s 150
4.3 Process SIMUlation PrOZIAMS. .....c.c.eiriuerereuertaseiesesesesesesseseseseseseseseseseseseseseseseens 150
4.4 Specification of components and physical property models.........occccovivcrrrernnne. 153
4:4.1 Pure COMPONCILS ovssssissssniissiom ieisssesssbussssnssssmaesisnsssiosssssibessss isssaivssoes 153
4:4:2 ' PsendoCOMPODNEIIES iiuesssiinminertsis s oo S b s v 154
4.4.3 Solids and SAILS ..c..eovieiiriciiiic e 155
2 5 2 A WL 01] 0,0) 1 (<) 11 LU Sy C RSSO 156
4.5 Simulation of UNItOPErAIONS i .iiuiiisssissisisisinissionssonsssisssisinssssisinessisssioiissssiossis 156
A5 1 R ACHOTS vyt ias s S e SN v ST s st 158
s B 1L Y (o S e T ey A RS 167
4.5.3 Other SEPATALIONS ..cvvevieeversiiieiseeseetesseseesieseesseesessesseesaesessassessessaessarsessassasse 179
.54 HEAFEXCNANTE cxvsoesusnsmuisrsvreosssausissshissssviniiesauvississssmvasssassssaismpissassssshgesssans 181
&:5:5 Hydranhios: ..o s s s snsisasssvis s 187
4.5:6:Solids handling:nasnamnmainnunmnniiansnannsaiiiaimnas 187
4.6 USET MOUEIS ..ottt es e se s s e s ese s s ess s e e e s ene s s ene 188
4.6.1  SPreadShECtINOAELS . .uou . osusseisnusnsssssmsisssivnessasmisnys arsssssssss suisassaessnsusssions 188
4.6.2 TSEr SUBTONIIES  xiviswsvimiusiminins st aiiasades s s dasssavamniaions 188
4.1 Flow-sheets With TeCY el i i s s s st s e wainsss 191
4.7.1 Tearing the floW-ShEel.....ccviviiriiiieiiicie et ae s 191
B 2N CORVETPCDCE TOETIOUS vovsnesurwssvnmysenssssssilinnssiossesesvsassness sy raesoasavsssniosamissionmisonse 193
4.7:3 Manual CalCUlations....cuausussuiiivimssisiiosiasiiiiismiivoiir s iiiaisssiiing 194
4.77.4'Convergence Problems:..:suiiiiimsniiimmimiviansmaiisiaamninvais 196
4.8 Flow-sheet OPHMIZAON .......c.cueueureeeeeeerieereeeeessees e esesssesesessaeses e ssesesesesssesessesens 203
8.1 SE Ol C ONEEOLIBIR . cooivnseonsonsansnnnssssss s ssasss sasss s Hs s b e eSS RIS A 203
4.8.2 Optimization using process simulation SOftWare ...........ccceeevevrenvieercrienenn 204
419 DYNAMIC S A OB e b e s s S T S S w e avs Vot 205
A0 References s s s e i i A i e B el B i 205
British Standards ..........ccociiiiiiiii s 206
American and International StANAARdS: . ..c.uimuimssssesessismiissises wassisinessss 206
8 11 T T 1T (T 206
4:12 Problems it s s R R R R 207
CHAPIER S Piping and InStrumemtation.......miimsisssssisssiisisnds 215
B0 IntroduCtion o e T R R R T 215
5.2 The P and I diQ@ram.......cccoovieieiiecieeeieieeeieieee ettt e nsas 216
5:2. 1 SYbOLS AN VAVIOUE oo soisssinnsussnsssassnassmssssstmesasssossvssysusswasseasss oS HoTwRGesseis 216
5:2:2 BaSie BYMBIOLS uisiscovmimusimsmmmssniss s aii e 217
0:3 Valve selection sunammmmnmmsimnsiisimnssrsimnnassananunssni22]
5.4 Pumps and COMPIESSOTS .....eviueeuererereiesiiteseseseiesasesetesessseeseesesesesesesesasesssseseseseneses 223

DAL P GBI CERIOM uvsissnnusnnnssavusisnssnnsismmsmsnnsunsn s seaa s s RS AR A R S AN AR AR S2 223



Contents xi

5.4.2 Pressure-drop:in pipelines::ciiaaisssisnimnuaiininsmssing 226

5.4.3 Power requirements for pumping lquids........ccccoceviiiiiiiiiniiiiiicccs 230

5.4.4 Characteristic curves for centrifugal pumps .......cccccoeviiiniiiniiiiiccicics 233

5.4.5 System: curve (operating hne) wcuiuusmnisissasismiisesismissmieesionieg 233

9.4.6 Net positive suction’head (NPSH) s mnsnmymanmamsinismigmng 237

5.4.7 Pump and other shaft SEals........cceveriiiiereiieiicieeenece e 238

A8 A CODIPIEESOTS ecsasuivssessussosismonassuaniunisssnsiassssonsasssasemmpsasarsssssossssassinasssansisns 241

9.5 Mechanical design oOf PIPING SYSLEIMNS ..iuccciusunsisianisssissssissssossisonssisissisnsssvissssisassaies 241
3.9:1 Piping System:Design: Codesrmmmnmmnnnanmaanimnsaasatags 241

5.5:2 Wall thickness: pipe:schedule . ....ciiiiiiiiaassiiimisiimivisssiinsamiaeiss 242

5.5.3 PIPE@ SUPPOTLS .vviuiiiiiiieiiiieitiiteisse sttt s st n s b ss e ea e ssassaasras 243

53 - PIPE FUINES o.vossssmiossunssvossonisasssisssinssmmsssssmissiasinvmsssasamisisimnsmisssssasssssenss D

5:5°5 PIpe) STCSSINE w:vesunimsnassiansisssssmsshanssdonsssbov s earcss s as s RS da R Do oo e 243

5:5:0. Layout-and desigm i R e s R e 244

5.6 PIPE SIZ€ SCICCTION w.vvieiieieieicieeietetete ettt es et 244
5:7. Control and INSEEATEIEATION .- . usmmsssnsssssssisemsnsosaumivsssssssossuennsnessssssssisesiosnsasnasins 253
T B 1111 111 1 R R Rt 253
5.7.2 Instrumentation and control ObJECIVES......c.ccevirvueriiiiiiiieieecececesesneiaees 293

5.7.3 Automatic control SChEMES ......ccvviiviiiieiiiiie s 254

L B RS0 o) T Ty PO 255
5:8.1 Vel COMIIOL: v isunvuvsnmsiniossossasis s misuian Ve iR is s e R SN e v 255
5.8.:2 Pressure CoNok::: o s s N i R e 255

.83 Hlow Control . it e R R iy B e s s 2D

5:8:4 Heat BXChBNBEES vocusmpussssimsssemmsmnsssrsnassressrossestarsassnguasasssrsnessasssnsssossastansmnsat O]
5:8.5/Cascade CONIDL ..vnmimnmmsmsimnvssms st sstorniosanisionis 259

5:8:0 Ratio: CONIOL: sy s s A e 259

5:8:7 Distillation:columm:control ... iaiumias b 260

5.8.8 Reactor CONMIOl ......ccuecviieiciiciriciiiicsiecic st snens 203

9.9 Alarins; SAfety:tHips’ And TETHIOCKS csviommisisssmsisomstonsinmsnmsiisssiasissnsimi 264
Sl Il S s i s S B ST S O o S S G s s 265
5:10 Computers in:process:control:insmaisnsaninmniansinaniarianaing 265
5,11 REFEIEICES ..ttt bbbttt 268
British'atid Eiropean: StANAARAS... ...ccuunsvsssrmssssisssassssnasssnssssssssssasinesssssaomvomsnssnsasss 269
American ‘and Intérnational Standards.....cussnaiisimisineiiidisisiiig 270

Dl N O G AT s s e S B S B T s 270
5,13 PrODICINIS oottt ettt es et 272
CHAPTER 6 Costing and Project Evaluation ..............ccccceceeeeeenreecensnensesasnsncensasnnas 275
0.1 INOAUCHON:. .ocreeanensesoasesssissensssassasansssnssisnssnsssnsonenssassennssssns s sssin ass isnssssine e iiits 275
6.2 Costs, revenues and Profils .......c.ooceeeeereririeiieeeeeesree e esesesessaeseseseaes 276

621 Fixed capital inVeStMENt . cccnmmsvsamvimsmasiissiasivissiassesainssnianioissssioies 276



Xii

Contents
6:2:2: WOTKING: CAPTEAL v osvaassersismssnmimveesesavoniessssssdosisses et sssssssoossssasissassenosioinss 279
6:2:3; Variable costs: of production i cuissmmniminismiminmnainsistieoiissisiiim 279
6:2:4 Fixed costs:of production::aiiniaimsantaammimnionssmaiiaibeins 280
6.2.5 Revenues, marging and profits .........coeeeeeeeeieineiieee e 281
6.2/6:Cash: flows:at the. end Of the PrOJECE. . cumsssmmsscssninsssiisamsesnissnisissrsassmasssossoss 282
6.3 Bstimating capital CoStS .« iy s i s e iassiasonits 283
6.3.1 Accuracy and purpose of capital COSt eSHMALES ......coieierievieieiiiiresieeieeeeeas 283
6.3.2 RaPid COSE SUMALES ....cucvreieteeeeeete ettt e 284
6.3.3 The factorial method of cost eStimation .........c.cccceeveertreenccsienienninnseissesncenes 290
6.3.4 Estimating Purchased EQuipment COSES .......ccccceeieriisieneesvesussussassassasessosaoses 294
6:3:5/Cost ESCAlAtION v s R s 301
6.3.6 LOCAtION FACLOTS ...cueiviiieeeieiciieie ettt saesnese e n e esesnenes DU
02 T O ISIIE CONIS . cosvcnvunsmsinsmnsss nasusussusssshsan e R R s RSO B RS s g moiemyessoa SHNEY
6.3.8 Computer tools for cost eStimation .......cuinasimssiiimsisimsmiss 309
6.3:9 Validity of ‘cost estimates:a amemsmanaanununisnisisnams 314
6.4 Estimating production COStS and rEVENMUES........c.cververerierereeeereeeeseeeseseeesssseeseeeens 314
6.4.1 Sources Of Price daAta ......coueueeeuieiiieiiieeee e 314
6:4.2 FOrecasting PriCes . soenvenvamssmsmossvissimistssssssossaissssssvisesnamssssisassssinssamns 316
6.4:3 Transter PriCIE e s o R s o TSRS ae 319
O A A Uy OO st o T o e S s 319
6.4.5 ConsUMADIES COSES....oiuiriiiiiiiieiiiii sttt saeses 92D
0. 4:6: W aste /diSposal COSES swssuswssmsmsmsmssemsisivsssmmimsossisesmmversssassissim s v D 50
6. 4.7 L AabOUr CORES ucuimausiiminim R s 3 21
6.:4.8' By-product revenues::«snisissnimminnnasninneiaaiiseaiiw: 328
6.4.9 Summarizing production costs and revVenues ........c.oceeeeeeeeriericesecsenenes 329
B0 TR eSO DY CCIATION 10 ses cissasnesmmsbasisnsus s toseons SRRSO A ST H TR D
6.5.2 Investment incentves: o mannaninsiianarininrnnnaisinsw 33l
6.5.3 Depreciation Charges .........cocivieiviiiiiiiiicieicisieccececeseiesesesseeesesessees 331
6.6 Project fINANCING.....ocvevieiereieiieieieieieeiteeee ettt esesesenesanenes 33
6.6.1 Basics of corporate accounting and finance ..........cccocevceiiiiecieinniiiiiinn. 335
6:6:2 Debt financing and repayment: .. aiisasiimsivisimiismmiriiiviigs 338
6.6.3 EQUILY fINANCING .veivieieiieieeeeeeeieee ettt ee e e s see e seeae e esaeneens 3OO
6.6.4 CoSt Of CAPIAL ..o a e snaeseesaenes 33D
6.7 Econiomic &valiation Of Projecls . msmsusssmimivmisissss s e 340
6.7:1 Cash flow’and-cash flow diagrams :..c: s, 340
6.7.2 Simple methods for economic analysis ........cccccevveeeerrirenrervcrerenresnsresscennenns 341
6.7.3 Time value of MONEY .....cocviiiiiiiiiiiiiiii e 342
074 N B PIE SR VAL o uiusmsssomsousssusen oo ises o smesdon sy ehs o ees s s PSS GoR SRS SRR TSR 342

6.7.5 Discounted cash-flow rate of return (DCFROR)........ccoooivivieeiiieciirecieenn.. 343



Contents xiii

6.7.6 Annualized cost MEthods ......ccovviiiiiiiiiiiiciicicc e 34D

SR ETENTT i3 110111 5 T R PO BT 347

6:8: Sensitivity analySIs kv TR R R S
6.8.1 Simple sensitivity -analysis:..nannnamaaisnuneinisannimusnnnees 354
6.8.2 Parameters 10 STUAY .o.eovieevirieieeieiece et sneenaes 3O
6.8.3 Statistical methods for risk ANALYSIS ....c.eciasisssssesuonssssonsosmssassaiossisissasersssos JID
6:8:4 CONtINGENCY COSS ousuammmsmm st s 390

6.9 Project pottfolio- selection s namimimssmaiaianmihisisamamas358
6.9.1 TYPES OF PrOJECLS woevveeveerieerieieeeeeieiae et et eeeaeeeesae e sseesaeeesre s aseessessesnseneananes 3OS
6:9:2 Limits 6n ' the Project POTtIOIO.. .cuismsssssessenserisiovsossvissssssssnensronspsssnsssrrronssns SO
6:9:3: DECISTON ICIAETIA wuvusvainssusiosvs i s arse sorssnsshsss s o vaav o s T voanvain 360

B 10 R e NC S s T o T B T R I s sty 362
American Laws and Standards..........cccccoeceveeeecrenesnscrncsncnencnscsennssesesessesseseesees 303
B.11 NOMENCIAIUTE.....cvieiiiieieieieieeieetetee ettt n e es s sesenesesesenanass 303
CHAPTER 7 Materials of ConStruction............cooceeeeeerecmnnuscsencesesseseseisssceeans 371
(Tl TR NG O oot 3 N o A A i 371
7.2; Material properties ... mumiamiinmamnsimmasiimainisane 312
7:3: Mechanical properties i siiimmnussmanssmsmmsasanmmrmmianmmnimz 372
T.3.1 Tensile SIEN@IN ..ot era e 374
T2 SUTENESE s vuner v sunssosaasrusinss sotsstisssvesssseessns sesssxossiseuAaP RIS KT HoS SR i PSS 6D 374
B ) X 11T e R TS 374
T3 8 AT, i s T T S U S issisns 374
T.3.5 FALIZUE .ttt s s e s e e s s neeaesennas 374
7.3.7 Effect of temperature on the mechanical properties .......cccoeeeeevveevericenenn. 375

T4 COrTOSTON TESISTANCE .ty s o e e s e s s s cssigsvenionsn 37D
T4 T UnifOrm COMTOSTON ..cuviviiiiriiiecieietese ettt st aeses et sa e ess s s 376
T4 2 G Al VANIC COTTORION cvervessonnvenssssssmsssnsvassdonins s O Trem oIS o 0GR A SRSV PSS 377
T3 PRI ccccmcunsosunnasiamsissivsmsassssss s bassvsssmsssssaeshss ebevivssisas so v b g ovams Vs s sy 378
T4 Interoranular CORFOSION sz siys i s e s s S A s 379
T B et O S S s s e s A e s 379
7.4.6 ETrOSION-COITOSTON 1.evteteeriesieeeeetessesseessessesseessesssessessssassessesssesseseesnsessesssessneses 380
7.4.7 High-temperature oxidation and sulphidation ...........ccccceevenineniiinciiiennnnne 380
748 Hydrogen embrittlement..cumnnnmnmmmaimninnuimnammiininsinme 380

1:9; Selection for COrTOSION:IeSISIANCE % iae s 381
T8 MALEITAl COSLS wovviitiriieiitiieeeetetes ettt ee et s s s e e et b et et esesesasesens 381
7 (5 S 507117211111 11 1o | LA SRR ORPROURONUIIIRE .. || .
70 Surface TS s s e s S R S s 384

7.8 Commonly used materials Of CONSIUCHION ........cccccurueueaieieniatsassesasesossssnsssniassaions 384



xiv Contents
T8k Iron AN SIECE s mn o s o o TS oSS O o35 384
7:8:2' Stainless:steel cvsissnniiasnsamuinanmnsRinrannassnnansanans: 385
783 INICKEL ..ttt 387
T8 MIOTICL. sonuimsvsusnnsuivnssnisassosinsnsononnsssomsssssssnasssesasssRuapss s sas sosim He e e SNV o oSS 387
7:8:5 Inconel and Tneoloy . unaumaamimummammirmmsaiavars s 388
7286 The HIastellOYS cvs s ss s B o e SR e 388
7.8.7 Copper and copper alloys......cooiiiiiiiiiiiic s 388
T8 B Al AN 1S RIIOYS o sossnvsssssssmssissanensssvsossonpornoonsrosssasssnssisassns ssassgosse 388
T B LR sz vusinsmssmsnn o kuasi s ames e ST R R e SR RS B SR ST i 389
B BT 117111 11 B L Y 389
e8]l At Al it i G T R R e 389
7812 ZITCOMIUIM covetieteeierieseete et sse st et sas s ss e b n e b et esaes e b e e ennaane 389
T8l STV s svunsusuusasssiansenssssass shensomsoessens s s Bussd RO TR SR N RS SR U SRR SHAR RS SaR AR 389
B Y o) L TS TPOrE 390
B B o T 111 e A P e S o o 390
7.9 Plastics as materials of construction for chemical plant.........ccccocveviieieriireeenns 390
7:9:1:Poly-vinyl ChlOride (PV.E) v cosvnismssssuissveesismasisuimssssassvosveiss 391
B V) | o [ T 1 B o 391
7.9.3 Polytetrafluoroethylene (PTEFE) .....iiiciisiisiinminaiiisiimmasesssion: 391
7.9.4 Polyvinylidene fluoride (PVDF) .....c.coioiiiiiiiiiiiceiiciccceececne 391
1.9.5:Glass:fibre reinforced plastics’ (GRP) u...cuuesnsssssessvossnssssossisosssasisonssaisnsnssess SI2
7.10 Ceramic materials (silicate materials) ...;......ciiiiiuiiimsismmssiissisnisisensdssssosnsiasans 392
TLA0: 2 SUOMEWALE soruewrarsnssisassismsisvesyinssassios sarmasms s viss sy ayssva s saba o A SRR Ao RSSO S T D
7:10:3 - Acid-resistant bricks and tilés ..cnunmmmnmnnniimasaiisinmi 399
71:10.4-Refractory materials (refractories) «aaiaiminnminnaiminismainiams: 393
B CarB O s R e R e e S R 394
712 ProteCtivVe COALNES ..ouveveueeereeeeresereeesessssesssesesessesesaeseseesesersesssesesssssessesesessesssssens 394
7:13 Design 101 COrfOsiON TESISATCE : svoivivivsssassssonsivisssasmansssssssssavssnsssisssssosisssnmsioconsss 394
T4 RefErences  aimnss s s s i n R a iR E R ek 3 9D
British:and European:Standards:::mnammmainnmss i 396
American and International Standards...........cocoeeiviiiiinininiii 396
B LGB ADII L iscsscumsissssssnssoinssasnssnmsmss evss soovssms vexauFsovE oo Ua U Ao 05 N NSRS AR R 396
B 2 Ty ) 1Tl 11 T 397
L ) ] [ 11 T 397
CHAPTER 8 Design Information and Data...........c.cimsssesssississevississssssssissossuniss 399
Bl IO rORUC ION saisesiaias s s T T e T R i 399
8.2 Sources of information on Manufacturing ProCeSSES.......ceiwrrerereererereisieisiaessenans 400
8.3 General sources of phySiCal PrOPETTIES .....c.eiieveieeeriiierieeteeee e eeeesenenens 402
8.4 Accuricy required of engineering datal......iviisisisimmassssisicossivismsasisssossiss 403



Contents xv

8.5 Prediction of physical PrOPETIES ...c.cceeiereiiriiieiieieieieseieeteies et 404
BB DIEIISILY ..ttt 405
8i6:1 LAQUIAS icisisisssmsssasusismsimsnssnasmnsasimmaiunssiossivhvssasssssisssnassosarsssvissoeiavsiis s s vas 405
8.6.2 Gas and vapour density (specific VOIUME) ......cccccveeriiecieiiicienrieienienrennena 406

B VSO e i e o e R s R 407
871 LIQUIAS ottt 407
BT DV CTASEE s s vowss svoimsaisases s sy s voss Iaee R 663 AMAR 4R 4SR0S A A ST 411

8.8 Thermal:CondUCHVILY cuimanvnsmimmmms RS G 412
S 8L SOldsr s R A R R R 412
BL8.2 LAQUIAS ettt ettt a e sa et es e ns e ens 412

BiBT GASES. . ccvusssnissnsosssssnsanssssmsssnsssssnssshssssoneaesssssss sHsomomss mmyuss L ixas s SAERH A% AR GBS 412

B8 VX UNES wscaucnuuuuian sssasanaasas s s s i o S R S e 413

B:9 Specific:heat: COPACIEY i i tisabhisiosss i b s sasiasins 413
8:9:1 SONdSs and HGUIAS ociiionnirmsnsnsssonassiosssmssasssiionnesnsnnsnsrnisonshsssnonstssassmsnssnsassarsassass 413

S 2 T AGER o susinsnsnssonsnns s sunsuhssNs s s ST SR AR5 PSR S AT SR AR RSB S YA By S 416

8.10 Enthalpy of vaporization (Iatent NEat) .........uimiissessssssessiosssssaionsisisassssisssissossns 420
B L0 VXS csssiss s s s o T3 T PO T A o s L 421

Sl Vapourpressure: s st s e e e, e 422
8.12 Diffusion coefficients (diffUSIVIHES) ...v.eiueuiureeerieiriiieieiee e 423
BA2EL GHSES covausssssnovsvonsssseaissasissansssaneansssss svsssmsssvbs st sisssasssssssssssssmansoninssisuatassinion 423
B 2: 2 TAQUEAS c cucnca oo sty e s S S S e S BT W SR i 424

8.13 Surface tension bR 426
SLI3. T MIXIUES 1.ttt as s easenen 427
814 CritiCALCOTSTATIES oo cvsnoisisiorsssusnonssnisaivsonsssssansssiessoisies ssskoss s ausvse s sissaniusbavsmisssssaitinnds 428
8.15 Enthalpy of reaction and enthalpy of formation...........cccceeeueuiecieririnsecierieieines 431
8.16 Phase equilibrium data....vaisisannipanmsmnmeisissinaniasnnnis 431
8.16.1 Experimental data.........cccoiiiiiiiiiiiiii s 431

8:16:2 Phate equiliBIINIm «cousosusuesnssmssssumssisessssmsvissusssssisssosmiasiisesssosesssossssusmisespesss 431

8.16.3: Equations:of SIate: . inimmnssminissammsiieiass s e 433

8.16.4 Correlations for liquid phase activity coefficients .........ccocceeeiiviiereennene. 434

8.16.5 Prediction of vapour-liquid equilibrium ..........ccocooviiniiiiiiiiiccce 435

8.16.6 K-values for hydrocarbons ...........coceevieiierieniieereeieesee s 437

816 T SOUT=WALEE  SYSUBTINS 1 usussssusuorsssss sa s taussmsetsvss i o8 e a3 b o5 TR DTSN R RS oais 437

8.16.8 Vapour-liquid equilibrium at high pressures ..........cccooveceninciceiccnene. 437

8.16.9 Liquid-liquid equilibrium...........ccccoeoiviniiiiiiiciecnecce e 437
8.16.10 Choice of phase equilibrium model for design calculations.................... 440
Bi16:11 Gas SOMBIIEY: . consmmmsmmmmsissmmisissinsivsiisessissipmasiasiessasiv 441
8.16.12 Use of equations of state to estimate specific enthalpy and density ....... 442

BilT References i i s S S s 442
Bibliography: General sources of physical properties..........ccccoovveeiivinciiiicnicninns 445

B.18 NOMEICIAIUIEC ...ttt as st eeaas e s esasesssesaseraeessserseenssanseseensas 446



Xvi Contents
B 19 ProObIEINS wuuicusivaisivssnsuasismsussmomssmissseisssinssssossssisssms vasasisssss siss s s ia s S saass s asash s aiss 448
CHAPTER 9 Safety and LosS Prevention.............coceeevevicnmcnnssesesesessecssenennenns 451
O 1 TR NNCTRON v s s s 3 s S A R S 451
O:1:1: Satety e gislation:: s e i R e T TS 452
9:1:2 Layers:of:-plant safety:csisimmsimnamsimanamimmsinnssmses 455
9.1.3 Intrinsic and exXtrinsic SAFETY ......ccciviiiiiieiiiiiiiciecc s 457
9.2 MATSTIALS BAZATRIS: ciusconsssussmessusvssminsensnmarsassnsssmss oisomtssssnsnsssshamss s aaesass s avanediviss 457
7 K s 4 [ T S AT AR 458
O 2 P A A Y s s s o i o S S B B R S oIS v v s st 459
9.2.3 Materials INCOMPAIDIIITY ..oeiviiiiiiiie e 460
9. 2.4 TOoNIZING TACTATON s - c0suinsinsssonsinsnsssasrnsssssumesssssas s mssssnssnas sEaErsa SR oA a5 YRR 462
0.2:5 Materials:safety ' data sheelS i msinmimanminsimmmninemsmaims 462
9.2.6 Design for materials hazards: .ot b misiisiiaiiaiis 463
9.3 Process NAZATAS.....c.c.eiieiiieieiciieteieieesceetet ettt ettt enen s 464
oI 1 B 5y (L3 U S PV VT 464
9:3:2 Témperatire: EVIALIONS i wminimissiisoiimmmieiiisvniis it eiisiiiics 465
0.3 B INOISE 2cssusiisansaustine s oy oo S S S e B s i 466
9.3.4 L0SS Of CONMAINIMENT ..ottt ettt ettt ettt sens 466
9305 FInES Anid 1 PnitiOn SOUTCEET. .. cou ansevvusmmossmmsnsnessnsnemsnsscirtonssasmasnsasss s zamessababans 467
0. 316, BRPIOSTONS  coossisvinsossusiusmsimasovessiossesisensstsvssasnsassiecssssasmsias st savesas svsoapassssvasanns 469
B o 111 1 ¢ (o] T 471
9.4 Analysis of product and process SAfELY ...........ccerrivereerenrenessesreressenssassasessesssnensnes 472
9.4.1 Safety CheCKIiSIS ..ottt 473
9.5 Failute-1node effeCt AnalY IS o nmnosummsmasasssssmasmessisinsssmsssaasiospisssssssaosesssss 475
9.5 FEMEA - PrOCetIre oo svsuisnsasassnosassssii s i e s s e S SV e 476
9.5 PME A rating: SCales s S e RS 477
9.5.3 Interpretation of FMEA SCOTES ..ocoiiiiiiieiiiiiieieeiecie e 477
0:5 4 FOOIS TOT FIMBA. .cuuesusnasissesemmsneasssndssdssssonsnmissssnsssssasss e osssns s isns sasmsanssess ot 478
9.6 /Safely INAICES cunaimsmnassmisimimsmsmias s ommsis st s oS omss o as s s s Rosws Jeaaaavlios 478
9.6.1 Calculation:of:the:Dow F & Bl ..anviiiaiimniniaaisanmaniais 479
0.6.2 POIENEIAL TOSS ...viviiiiiiiiiciiieiie ettt 483
9.6.3 Basic preventative and proteCtive MEASUTES .......cevveveeririreerernerserensesssesseses 483
9.6.4 Mond fire, explosion, and toXiCity INdeX....uimmminusiinimsisiii 485
0. S S UMY s suisroaar oo v s S iy S st 486
9.7 Hazard and operability STUAIES ......c.ceveeirieiriiiiceeeceietrieee e 489
71 B aSIC PEAICIPIES, cuussrmsnrecuvmasnnsmsiosnasvissssassssmesmsnissemasesyays SEoNa TR SR P ms IR RN 088 SR 489
9.7.2 Explanation of guide Words ......cuwsmsimmanssississmsmsnisisssssasississisnsiassose 491
073 PrOCRANE sy st sa s s s B S s T ses smab aaavsovanss 491
9.8 ‘Quantitative hazard analysis::isnaimiiviiiisnniinsisininiaisinisivim s nsiss 496

0 8L ANIIREES oo oonamnensssmravonsanonerusenssrnyns posssansuenianesasereysssases consnsyssanssesysanemsamanmynss 498



Contents Xvii

9.8:2 Equipment reliability.:viannsaniiiiinnnmimaisannnnnes 499
9.8.3 Tolerable risk and safety priorities .........ceceeeeiiiiiieiiiiiieeeiee e 500
9.8.4 Computer software for quantitative risk analysis.........coceoveveiiiciicnciinenne 501

0:0.1 PresSune Teli el S0 AT O s s s o e v 504
9.9.2 Pressure relief 10ads ..o 506
9:9.3 Design of PreseitE TRHEE VAIVES oouwnimsessvivssmasorvmvmsnssmisasssisssnasersesrsssanss 508
9.9.4 Design of non-reclosing pressure relief devices.........ccovvcviiiiiciniiicnn. 513

9.9.5 Design of pressure relief discharge SysStems.........ccccuvciriienenicniniencnciennne 514
9.9.6 Protection from under-pressure (VaCuum) ........cc.cceeveereeeenieesuerreeeeseserees 913

.10 REICIEICES wvvenveveiereeereeieteeeeeeeraeseeeaese e s e s ssraes e s s esaesese s ese s ese e ese e s ssnnese s esennens 517
BiBIIOBTAPIY ciuuvisssasics cvsssusasniimasnssiesssssssasbonssnsessssvasnsss e eosshsnassisssssasasaesvusaissssnss 519
British'and European Standards.......c.iiimnniinaiiniaiiisissieioi 519
American and International Standards...........cccceceeeinesninnecunsnrscsssesessncsssssasesaesnses 920

9,17 NOMENCIAIUTC ..ottt et es ettt eaene D DD
CHAPTER 10 Equipment Selection, Specification and Design...........c.cccccocnneeeee. 525
1055 J88 10T o0 LI (4 To) TR UL TSROSO SIS .. .
10.2 Gas-Gas SePArAtions .. usmimsi i s s D 28
10:2: 1 AdSorplion:: s anirssinmnananhyisnananmnaamasnnsseinas 528
10.2.2 Membrane SEparation ............coecceriicieiisiinninse e eesssasens 939
10:2:3 CryaoeniCldiSHIAION . cvososemsmuisssarssssmmasesssisenssgasersiissssssaeisisnpshysasaryassasss 540
10.2:4. Absorption :and: SIPPINE s eimisssas i i e s it stvsisisnsoniss 540
10:2.5: COnAeNSARION aivisssvisvoisss i ot s o s i s e 540

10.3 Solid-SOlid SEPArALIONS .....cuevieiiesctrieriieteeeitc ettt sesnaeees 541
101351 SCrEEning: (SIEVINDY. o sivsoimmsvivismonssnsssssessmsassssnsaisussnssssssmisassssssmnrasss i VA0

10:3 12 Liquid-Solid: CYCIONES s v cimuisamisissmssmsmamsmississssissinstosssssmnssvsvanssissamiavmsvssss DAY

10.3.3 Hydroseparators and sizers (classifiers).........ccccociciicnniinccniisnesiencisciences 544

10.3:4: Hydraulio 188 oo i s s i s e ssamass 544

10305 TADIES. ..ttt ettt ettt n e 544
10:3.6:Classifying CENtrifies o smmvammoassmismmmssimsssiimsmisimississassssioissonsios SR

10.3.7 Dense-medium separators (sink and float processes).......ccccoccveeccvinninen. 545

10:3.8 Flotation:separators (froth-flotation)....csossamumnmsnnnmasuniags 546

10.3.9 Magnetic SEPATALONS ......ueuviveieiieieieeiesieis et ss s sssssss s s ass 546
10:3.10 Blectrostatic SePArAtors v sssussmosssasussnssvssnostsinssiosisssasensssosnsessnsnssnpssvassss 546

10.4 Liquid-Solid (Solid-Liquid) Separators .........c.c.coceurereniinririsiisinsmseesesisessssssessnens 547
10:4::1 Thickeners:and clarifiers . owimmaianssanimaumnnsmainmuasg 548
10,42 FITATION .ttt 549
10:4. 3 CORtIUTES . ivunensonssnssnsivasssmprrovssssissnssmsssansssmasesmesivssnseens ssus Fosesy s SRS NS LSS 555

10.4.4 Hydrocyclones (liquid-CyClOnes) .........cccceevecernrnieninicnenineienicscnnsesicienneennes 902



xviii

Contents
10:4.5 Pressing: (EXpression)s: suamnumuaniinmmninssnimmmsanagsad65
10:4.6: SolidsideyIng i it e A T s s e by 566
10.5 Separation of dissOIVEd SONAS......covvevereereieieiciecceeeee e 574
TS L BV APOTACOTE v sovuuussinssssvinnissessvissaes s e das 5 5 TSRS SRS AANAESHF R ORS00 574
10:5:2 CryStalliZation s s s s s s s R RS 577
10 S 3 PO D A O s s s T R S s S e v 580
10.5.4 Membrane SeparationsS........ouceieiiiieieieseeie s sseesesiesse e s esssssesaes 581
10:5:5: TOR EXCHANEE .. vuimssssunsniasommsssuevionsaosisssssissivewsssssssssuasuasssomvesssvsessassaissesesnsss DO
1O.5:6 AASOTPHON wcuzuucsrw s o e s T o SR S s SR e visae St attnds i D 8
106 Liquid-Liquid: separation ;s i i i s st 586
10.6.1 Decanters (SELIETS) ..oiiieiiireeeeiiiieeceeiieeeeciaeeeecieeeeeceasseeesesaeeeessaeaeeesssaeeenes 586
10:6:2 Plate: SEPATATOTS - «csvuessssusssonorissssmionsonsssvssmascassassissisnaseosssssnsssoniossmsmninisinenssivie DI
10:6:3 COBIBSCEES wsisvwsussnsuvonisisnsonisrsssiussuidsmns isavssssnsssiveiss senRvime iR s oo 591
10.6:4 Centrifugal - SePATATOTS o i G R 591
10.7 Separation of dissOIved HQUIAS ...c.o.oveiiiiiieiceeseicce e 592
10:7.1:Solvent extraction :and -1CACKINE v.vwsiwesmssssssvssrssssvssssissessisssmmsersisoanssasnsnsive FIB
10:7:2 Chromatography .« uwnsaiinnmaiimmiaassiasmanmsamnmmmne D93
10.8' Gas-Solids separations (Gas cleaning)...i.isisisiivissssnssisssssieiinssossassiiviosss 598
10.8.1 Gravity settlers (settling chambers) .........cocooeerieeiiiniiieseeeeeee e 598
10.8.2 IMpINZement SEPATALOTS .....ocveeviuiiiieeieitiieeeeeieetsie st nea e sse s 598
10:8:3: Ceéntrifogal ‘SEparators: (CYCIONES) ucmsmssiomssssmsminssmsmsmnniseisvsisiis 600
LOIB A TIICTS wuxssscamusmsusas e e sy a0 R s S B B S S SSRGS 607
10:8:5 ' Wet:scrubbers (washing) :ciiinsdumanasiinnanninnineizmms 608
10.8.6 EleCtrostatic PreCipitators .......cc.iieeeieeeeieieseeseeseseessessesseseesessessesaesessessesens 609
10:9 Gas' = L iGUIG SEDATRIOTE s svivvevssrovsvvissasisisensiorons sisssssssssoassssvsonsssssssememiaensssessorisnaise 609
10:9: 1S eUNG Vel OOTOY s essumsvsissams s s o R oo R T TR iows 610
10:9:2 " Vertical Separators v s s nnnrsennasmm 611
10.9.3 HOriZONtal SEPATALOTS.....cveeviereeeeeerresrieseseeseeaesaeaeesesseesaessesanessesaesseesaensesees 612
10.10 Size reduction and $iZe eNIAIZEMENL.......cosesemcsesesessorsasssassansnssassnssssasnssensasmmsassossas 614
10.10.1 Crushing and grinding (comminution) equipment ........c.coceeveveeenuenrirenrens 614
10.10.2 Size enlargement (agglomeration) eqUIPMENt .........cccvuvivruervecenenreseeinnnenns 615
1011 MiXiNg QUIPIMENT 1ovvtiviieiietetetetseeesese ettt ettt sese s s st et eseseses s e s ssesesesensnses 619
LOSEL 1 OASINERIID s cvsonwssinsssssunsmasesssngsivesonsossnsaassaess syienssnsa s Bes SRR SARRASE RSN T O N 4TS 619
102112 Liqoad miXang oo csmssircscsssmsisiuissesimimn st s siaiiarssss 619
10:11.3 Solids -and: Pastes: s i S esiss wasi 626
10.12 Transport and storage of MAtErials .......ocoovveieieieiiierieieeeeeee e enes 627
IEBIZE] CHASES .. onpsvensenssnssnnsunonsensunsuntanonnsstspms samyssunssassuegspeamssmisnsntind ookt isnadonab e isons 627
L0222 EAGURIASE susucvsnonsonsnermsausssnisssssinmssomssassmssomansmsesdvave s svebs ahss v sa e R oRaa 338 630
8 b B o D T T o 632
L Tl L 1 o P e 634
British and European Standards............ccoooviiiiiiciceeiecieceeece e 639

American and International StANAArdS...........cccviesesseesssasssressssassssasessanssssasersassssass 639



Contents Xix
110, T4 N OINCICTARUIE cscixooniuscnssnvuseonssssossssansassnsss sssssuussaisssinsiiss siaiosvsdiess s HHEa ST SIEREeBR ISR 640
L o (a5 L1 AT R IR 642
CHAPTER 11 Separation Columns (Distillation, Absorption and Extraction) ....... 645
0 B Y (71 1T o 1 646
11.2 Continuous: distillation: Process desCrption . i isiisnaisiviosisissmmsissimiis 647
11.2.1 Reflux cONSIAETAIONS ....c.evieiieiieeicieieieeeet ettt 648
11.2.2 Feed-point OCAtION .......coiiiiieieee et 649
11.2:3:Selection of COIUMN PIESSUDE ...:.csiusiias siassissusssnsamisnissussnissiasnsssssassossanssnassass 649
11.3 Continuous: Distillation: Basic Principles : s miammismmd st 649
0 o B I /TR 1 () R P P O P R A Y O LTI AT i oo 649
11.3.2 Dew point and bubble point.......ccccviiiiiiiiiiiiiecee e 651
1:1.3:3 Equilibrivri Hlash CRlCUIations «.cvssumsssmrsasssssmessssmissonsmsmsssassioss 651
11.4. Design variables in distillatio ... it i asimsiassiosisissnaiins 654
11:5: Design methods for bINArY: SYStems ci.ssssiss i s mssanims 655
11.5.1 BASIC @QUATTOMS ...ttt 655
11:5:2 MeCabe-Thiele: MethOd: ... . sasussmomsssssnisssssumpasnassasmssssssspsissassnsicasssntas 657
PROCEANC c.c.vvsisavissinsorsss sy i T B o e SV A e e S G a s 658
11.6 Multicomponent distillation: General considerations............ccoceeeveviiieiriiesnerennn. 662
11.6.1 KeY COMPONENLS ..ttt ettt es e eaes 663
11.6:2 ProductSpeCifiCRUONS .covssswormossvonsssnesmspsssnssunpsssssesvonspsorsnpssaissosnsysrsryivissssess 663
11.6.3 Number and sequencing of COlUMNS.......cooiiiiniiiiiiiiciiccecec 665
11:6:4 Complex: columns:.c.anunnnuamananaimassmsanianaminmimamismim 667
11.6.5 Distillation column sequencing for azeotropic MiXtures.........occveveverenennens 669

11.7 Multicomponent distillation: short-cut methods for stage and reflux
FEQUITCTINONITR! ocowasiuvisassasmussnsuninamsnivimass aussssavsvss s as s son i oy s SRoVaE SR R0 671
11.7.1 Minimum number of stages (Fenske equation) .........cccccecceeviiinviiiecinnenens 672
11:7:2 Minimum reflux ratios s sssamsisnisrannnninsnannsimninss 674
11.7.3 Feed-point [0CatION ......cccviiiiiiiciiiiiciicieiei st 675
11.8 Multicomponent systems: Rigorous solution procedures (computer methods).... 678
11.8.1 Linear algebra (simultaneous) methods ............cceoininiiciiniininiiiee 678
11:8.2 Inside-out-al gorithms: sl b s i s 679
11.8.3 Relaxation methods ........c.couiiiiiiiiiiiiiiiceeccees e 679
1119 Other: SOl AN DIOCESTES s sesesssssmssens srassssnssssitrsras R sxesms b oiss SO saras s AR s Eii 680
11:9. 1 Batch distIIAtON . coimmmimmsmmimmi s das s s i esissses 680
1'1:9:2 Vacuum distillation s p i aisnsiiiuimnmsmsasmnng 681
11.9.3 Steam distillation .........ccoevirieiieiinincicinicc e 681
11:9:4 ReACHYE AIStIIATION ivvorsesumsavssssussssnsnepasssssndsvisns ssesspsessrssonspmsnsassmpsssatyssssnasss 681
11.9:5 Petrolenm diStillation ... cuimimisiisisansssamsessiai i aisivassssssssis 682
1010 Plate Bl CheNCY e s o o i B S S Ve SV SV SRV S siNas 682
11:10:1 Prediction of plate:efficiency iisisavmdaimniinnnaenimasgsss 683
11.10.2 O’Connell’s COrrelation ........c..coveeieiviiiiiiicniiecee e 685

11.10:3 ' Van ‘WInKIE’s COTTEIAtION c.issssssssssinsnsasssasssisinnsnsssasesossssssisosssfsssnssonsasussos 687



XX Contents
11.10.4 AIChE MEROG .....cviiiiiiiieieiccciciee e 688
1E. 105 B EEAINACTIT wounsmscuissiovssesssmmsvusssies e ssmavss ot misess s s sas s s e SR s 692
VY ApPDroximate COTMMN SIZING .. ousousscrvieansasss o s soaovs TS s e s sa s 692
LT Pl At COM A OT S st s e o o T e S S S eSS vl 693
11121 Selection Of Plate LYPe .o ettt nee s 697
18 12: 2 Pl ate CONSIICEION: < sussc soaioissssnsonsssssninness sysdstsmns HuevassHaBs s HoReErBRRORFSEHHESEY 699
113 Plate hydraalicidesiBn v mmnssstinimieissm i i sssi s vammiiees 703
11:13:1 Plate-design: procedure ::oiinnininaiamninunniannsmms 704
L1 13.2 PLALE QI@AS ...cuviiieiieeeeeieeee ettt aeneens 705
11133 DHAMACHRT: cuosironiorovvssasssunsussvassasssnsons ssissmssnssstossssnssnsavonsininssnss s iapss iies iomsoniess 705
11:13:4 Liquid-flow arrangemient. ....ciussiivsniiimisisiissssmiissssiisisssi 707
il L34S ENtrIIMET syt s s f s s oo s s sasinis 708
L1 U0 WV CeRPOIRE o i b i e s e s s I B s s s dR R s 709
F1.13.7 Welr HQUIA CTEST vttt 709
11138 Welr dimEnSIONS ..c.vumimminmsssmmssassiassisssim tivssvaissvssiorsosssmivassssiesavis 710
B e o (T B (- B T T LT 711
L1 O Ol e Sie s e e A e e e e S 712
FLA3.TT HOIE PIECH ittt 713
11.13.12 By dranlic! gradient .o susssmsssriasmsssssmivssismoimiessmsiaass s 713
PL:3:18: Eiquid: throW s s i iy 714
11:13:14-Plate pressure:drop: o smsssianininnsisennaimsnas 714
11.13.15 Downcomer design [Dack-up] .....c.ccoevuiiiiiiiiiieniiieiicceceeee e 716
111 A PACKE COMUTINNG .5 susmenssnssnsis seisnsassmmeskess o s supmisas e ooV ST A R SRS S F R0 725
1141 Ty pes of PaCKING: «wmssummmams i s sresasans 727
11:14:2 Packed-bed height i mmmsiimnniniihnnnimmsaimg 731
11.14.3 Prediction of the height of a transfer unit (HTU) ...c.ooccovviniiviiineicne, 736
1.1.14.4 Column: dianiCter (CAPACIEY) .. «:ssxsssssmmmusssiissssisnss sersanssasins sesionseoitss isnsamisss 742
F1:14:5 Columniinternals inmumnmnmsmimsesis s s asissianis 747
L L L6 W I O oo o N o D R R ety 753
11.15 Column QUXITIATIES ..veveveveeeeiereieeee ettt ses s ses s es s en e esesesessasessneses 755
11.16 Solvent extraction (Liquid-Liquid eXtraCtion) .........cccceerverererevmrerereerereresensesnnes 755
L1161 EXtraction: €QUiPMIEIN e issmssisaissinmiainssssmmisssis i sansmassiviiy 756
F1i16:2 EXtractOr (S s st s i oo s S s e 756
11.16.3 EXtraction COIUMNS .....c..coiuiriiiiiee et sa e seees 761
11.16.4 Supercritical fluid eXtraction.........c.oecevieiiiriiiieneceee e 761
DT T ROECHCINCES uvsessasevivussimarississ Kass sus s s svase s SRS S S TSSO OSSRV 762
VL8 N OMCIICTAIUI . cuuiissuasstonsasis ot o e S B ST Ao B Ry 765
R 1) o [ 1 T T Sy O 770
CHAPTER 12 Hoeat-transtor EQUIDMBN:......ccuisiuisnivusssisisomins uisinssiussisisinsssss 773

12.1

F L3508 L) 40 | T R T e 774



Contents xxi

12.2 Basic design procedure and thEOTY ......c..eevieieirieriniieniereieeeesiesesseesseseseeseaesssesees 775
12.2.1 Heat exchanger analysis: the effectiveness—NTU method ............ccceeue. 776
12:3"Overall heat-transfer COBTCIENE . s S Gt 776
12:4:-Fouling: factors: (Ditt FACTORS) i iriiiiamitinvmdsnssiiins s i samiiasn 780
12.5 Shell and tube exchangers: construction detailS.........ccoevieeriveriiiienieeriseeiceens 781
12.5.1 Heat-exchanger standards and Codes ...... s osvsssissinio 785

e U T P RO RO 785

1 2:8. 3 S hells:: s s s R R R R R e 788

12.5.4 Tube-sheet layout (1ubBE COUND) .ovevviiieiiiiieieciece et 789

1255 SRRtV DS, (TASSEEY cunconssasecoovnunnmminenssisnnssnsses semmssus sossbasadasnissnasssisnssnsas 791
12:5:6:Shall/and Tibe e STERALION s ou v R s R eV 791

12:5.7 Baffles::coanininsanuniimsiimamnsnnmess 791

12.5.8 Support plates and tie TOAS . ...ovieeieiiiiiieeeeeeee e 793

12.5:9 Tube Sheets: (PIALER) ssuesmsesvrssssossrsssssnosuonsrsissssrssmisssristsnirrossonsososess onnsiossss 793
12.5.10 Shell and header nozzles (branches).........cccceviiiiiiiiiiniciiniiiciniiiccen, 794
12:5:1T Flow-induced tube: - vibrations i msiisndlmamas i 795

12.6 Mean temperature difference (Temperature driving force)........oocoeoevevivieieeennn. 796
12.7 Shell and tube exchangers: general design considerations...........ccooeevvvevveueennn. 801
12:7:1°Flaid-allocation: Shell 'or tubes:...cvnsmunnnmnmansinmmnmimsmmmmmig 801
12.7:2:Shell ‘and tube fluid velocities. . uwimnunimaniaamirmsivmimsnas 802
12 2 e AT I DT ARURS s oconireionnsssionimnssrhstohss LS A e s Sosar ey se b s an s dea i 802
12 A PrC S O E TP Ly nsnsnssosssansssonescornpessssmsssnesnanson nsnbsssushasunstsnesssnsans saseaseansynusss 802
12:7:5 Fliid: physical properties ..o uunsmsmmaismansn vt s 803

12.8 Tube-side heat-transfer coefficient and pressure drop (Single phase).................. 804
12:8:1 Heat: transfersidaimimismmiaiamammniemnnngss 804
12.8.2 Tube-side pressure drop .......oc.eoeeeeeeeieieiiee e 808

12.9 Shell-Side Heat-Transfer and Pressure Drop (Single phase) ...cccoceeevvececreeennn 810
12:9:1 Flow patternt.aimimasiamnmmidsniassais ot 810
12:9:2 Design:methods;:..oiqiiiaiiainsmmismiimma it 812
12.9.3 Kern™s Method ......c.coieiiiiiiiiiiciice et 813
12.9.4 Commercial software for heat exchanger design .......ccocoeevvvivniiieiicnnne. 831

L @ T 13 1T 833
12.10:1 Heat-transfer Tundamentals ;i :.:uissinitdiiia il iiasiiss i 834
12.10.2 Condensation outside horizontal tubes ..........ccceeevriciniiiniiiiiniciiiceae 837
12.10.3 Condensation inside and outside vertical tubes.........cccocevvviiiniiniiiiiinnnn. 839
12.10.4 Condensation inside horizontal tubes ..........ccccocevviiiiincnnniiiiccccins 843
12:10.5 Condensation of 'steam:...iaicnunnnsinuininrasamaiimaaamnmniams 844
12.10.6 Mean temperature difference .......c.cocoeiviivininenciiniiccccccccce 844
12.10.7 Desuperheating and sub-cooling .........ccccovveiiiiiinicnininicciiciccce 844

12.10:8 Condensafion; Of MIKEUTES s amimisevstissssssvsmvissaevssissssvissinss 846



[ ooe . N S|
xxii

Contents
12:10.9 Pressure drop/in CONACISETS iciwmimissimsisssisasinsssssmisisinisssssnmonsesiosissmsimasns 850
1211 REDOIIETS ANV AP OTIZ OIS s s oo i e S S R T T S R e T T s aoa 855
12:11:1 Boiling heat-transfer fundamentals::iisimsunninnmanniniin 857
12.11.2 POOI DOHINE 1ottt e 859
12.11.3 ConVeCiVE BOLUNE ...ocinuimssesmmssonsmesmissssinvsssssmsssssssssissssvinssomssasssomassssesss 861
12.11.4 Design of forced-circulation reboilers ...........ccoceeeveeeneninninenncnesenennene 866
12:11.5 Design of thermosyphon:reboilers ..sciisnsannannmnnuninnas 866
12.11.6 Design of kettle reboIlers ........cooiiiiriiiiiiceceeeccee e 875
12. 12 P ate A O N TS o ot nenn 58550 3005 S s SR SN SO RN A BRSO OGRS 879
12:12:1 Gasketed plate heat e Xchangers ... numsninnmnimisiaisiimmsisiini 879
121212 W e P s vos s s o T s iy 887
12.12.3 PLAte-fiN ....c.eeeveoeeeireecinirtesesseeseesesnessessessaessessessssssessassesssssaesnssassssssssnnen 887
12.12:4:Spival -NSALEREHANTEES: .. c.scopuvospsrnossanmsss st sy sssmsss i o s o sy s A ey 888
12.13  Direct-Contact Heat eXCHANGETS v cusmimrsssroamsnssssevssismsmissssosstsss isiaimamis 889
1 B B 1T, o e 890
12.15 Double-Pipe heat eXChANEETS............ccoviersemesssnesmsnsssssssssesssassassssasnsasssssssssssassasssasss 892
12,16 Air-Cooled eXChANEZETS ....c.ooveeeiereieieiieieeeieee et s e e e 893
12.16!1 Air‘coolers: ‘construction’details .....uusininssnmsssmsisssosnis 894
12:16.2 Heat transferin air. coolerS: nuummnmannnaiammimimmanmsnmie 895
12:16.3 Air cooler design:::aomsminsamuiianaininanmmmininas 896
12.16.4 Air cooler operation and CONITOL..........ccoiiiirireiiciiieeeeceeee e 897
12.17 Fired heaters (Furnaces and DOTIETS) ... ..eueeeueeeeeeeeeee e e e eese e saenaan 901
12:17:1 Basic eonStruCON susssm s s i s s wsss 901
A B L 1 T 902
12.17.3 Heal IranSfer .c.cviieuieiieieeceeeeeeese et 903
12,174 PIESSUTE Q0D s ovscocssssvinsnsnuonsssssnsssssssesnisnssses issssiassssnessoadssiiisn ssssassmssnissiomnos 905
12.17.5 Process-side heat-transfer and pressure drop........cccceeeicieinicienciinnne. 905
L 7O S A S I s T e S e s 905
12.17.7 Thermal effiCIenCy ......cceicuiviiiiiiiieisiiece et e e 906
12.17.8 Fired heater emiSSIONS .....c.eeveeieieieeriesieieee e eseieseete e saeseesessesseseenasseseenens 907
12.18 Heat anisfer 10 VEEERIS L ocsmvimssismmmsimsmssmimis sy e s s iesns o s sse o 907
12:1 841 Facketet VeSS ]S s anamusimmas o v oy o B S S o ST B R a0, 907
1208 Internal o Oml S i i s s T i s B e o g et 909
12.18.3 AGIAted VESSEIS .oiiviiiiiiiiieiieieeiie ettt era e e e 910
V219 RETETCIIEES « conassovssssnissasssssessunsssosvsssaiassors i sssssssvRessh iR RS S5¥S0 ooV SA O ERESHEI S 913
British- StANAARdS - :oaveu e s R R 917
American and International Standards.............cccooviiiiriininicncnecrn e 918
Engineering Sciences Data Unit REPOItS.......ccooviiiiiiiriciiiiiceeceeeee e 918
BiDHOBTADIY 0o swssnsssss snssnisansnsosssnsssonsnsssossss ososiesstsss oosdhsmn o83 6 susssnassbssssnais s sssasons 918
12: 20 NOMENCIAINIS covs ssucumssiavanassissastommvas sossmsiiassssstess o vl s s Ve s swssvos 919

3 (0] 4] (= § 1 T T TR B R Rb 924



Contents xxiii

CHAPTER 13 Mechanical Design of Process Equipment..............cccccoeeeecevecnnnnne. 929
1331 INPOAUCTION ivssmismsirss s s e e o B S R TS RS 929
13.1.1'Classification of pressure Vessels:..cciiiiniiisinmnimiiiveisssssississsiossaiosss 931

13.2 Pressure vessel codes and StaNAAards ...........ccooeeevierevieeeieiieeeec e 931
13.3 Fundamental principles and eqUations...........cceevereerererensrseesieseseeessseieseseesessesesens 934
133 P AT CIP AL SISO wuiaeu st st o s R R SO R S TN 934
13:3.:2 Theories: of Failure s i i s asaviains 935
13.3.3 Elastic Stability ....ccuioiiiiiiiiiiiice e 936
13.3.4 Membrane stresses in shells of revolution............ccccoceeeriiivnncnicninnnennne 936
B B ) F L 942
13:3.6 Dilation:of VESSELS st sy 946
13.3.7 SeCONAArY SIIESSES ...cccceresessasssessssonsssrsassarsnasssssnsssassassnssassosssssssassasssssassonsoss 947

13.4 General design considerations: pressure VESSElS .o..ooeeieieiniereeeeiieeeeeeieenne 947
13:4: 1o DESiON PrESSUIE : ocvussiasmssamsssvesssinsnsvasssshosnsssssiossaassssivomsass svasnssssassrssassnsnios 947
13:4:2 Design teMpPeratiire. ..ot niiavinsi 948
13:4. 3 Mater1als i i s S R s R R 948
13.4.4 Maximum allowable stress (nominal design strength).......cccocovveviviicinnnne 949
13.4.5 Welded joint efficiency and construction cat€gories .........coevevvvivcivrenens 951
13.:4.6/Corrosion’ AlIOWANECE s st sy s s s v asvisussass 952
13:4.7 Designiloads i siiiiiiannmaimisnaiasnnmmanmsassss 953
13.4.8 Minimum practical wall thiCKNess ...........ccoceiiiiiiiiiiiiiiiiiiiiccce e 953

13.5 The design of thin-walled vessels under internal pressure .........oocooveeeeiieernnnens 954
13:5.1 Cylinders and spherical shellS.......cuunuuiinsnsmniimiining 954
13:5. 2 Heads and CloSre s s s o i s e B e G Vi 955
13.5.3 Design of flat @nds .....covieiiciiiiiiiiici e 956
13:5:4-Désign:of domed EOdS: ..o cusssesmrssssossuorssmpasnsssnsnnsssssssnisnsssssnsssssasssoasanssavsn 957
13.5.5 Conical sections and-end cloSUres ... 958

13.6 ‘Compensation for openings and branches:.....iiuiiinismisssisissisioiivisée 961
13.7 Design of vessels subject to external Pressure .........oovceceereenueieenisscsniscsennes 962
L3y CAIESDE LN o verossnssssnosummsmsnamgrisionamsssassnysvexaas saer s oS R RS e PR SRR RS 962
13:7:2 'Vessel Bealds!: . unsnnssininsmsamminammmatsiveisscusemsassisssssiss 965

13.8 Design of vessels subject to combined 10ading.......cc..ovveeeicririnnneiciicienieeenns 966
13.8.1 ' Weight loads......iiiiaiiuiiiiimuiiiisaiuimerininimeiisiiiatiasiosds 971
13.8.2 Wind loads (tall VESSEIS) c.ocivviriiiiiiiiiiiiiiececciccce s 972
13:8:3 Barthquake 10a0iNg ...c.umsimunsmssisisoriossnisessinsissssssssorssossssssssssissusssvsss 976
13:8:4 Bccentric loads (fall VESSEIS):iauimiimimnanamimiisiiiivaisssssmsi 976
138 T O s s R R e B T I T ot ss 977

13,9 VESSEl SUPPOTTS ..ottt s 980
13:9. 1 SAAdIE SUPPOTLS . covocassnosmsmmsusmsipossismssnsssinsssssssasssvssssssrassossanssstostonsssysssssnives 981
13.9:2 SKirt: SUPPOXS:...cccccissnvsuamamniamiminiasisvivoiiiineisiisiionssisiig 984

13.9:3 Bracket SUPPOtS!: it uinsasiiiiamaismnmnmnaimnias: 987



XXiv Contents

13.10

13.11
13.12
13.13
13.14
13.15

13.16
13.17

13.18
13.19

CHAPTER 14
14.1
14.2
14.3
144

14.5
14.6

14.7

CHAPTER 15
15.1

Bolted Hanged: JOINES s=.ciotise i et b v TS e saiuss 989
13.10.1 Types of flange, and SCIECtION ......ccviiviiiiieriieiciie e 990
13:10.2 I GASKEES .o civusisssnmismmsonssismossossssnanssensssvasennssstossaiess ssavsss s nosatasssnsssmsmasussasesens 991
13:10:3 Flange faces:  coumninsm amiasssiass s i i s v s oo R s b s vaasiovinia 991
13:10.4 Flange desy g e R R R 993
13.10.5 Standard fITANEZES ....oveiiiviiiiiiiiiiii e 995
Heéat e XCRaNEET TUDE PIATES sovocsusemsmiimasmons s sy simnss st ses s s esesserso s s o T Eo 55503 997
Welded: Joint desigi. i nni s s s R s e S 998
Fatigue assessment o VesSels: i i s i rassanvee 1001
PIESSUIE LRSS .uvtiiieeieeeuieeiieeeite s ete et e e ese et e te e e e ess e e e esse et esre e emseenseesnensnenee 1002
g h-preSSUTE: VESSCIS v vuisinivssseussssnsnnsenssonssussnssssnssssssessasinssssnssssniss ssvsngssnssainesanss 1002
13:0%.1 CompOunid VeSSBS e o s s s S s 1003
135002 A O T A it i s b B RS 1005
Liquid StOrage tanks .........cocooiiiiiiiiiiiciicce e 1005
REICIBICES s vvsrvssnnsrvsmsssesvonsrnssuorsessersosnens st ionsionssssssisnssmsThs s oSS AA ST TE S OTORoR AN 1006
BibLIGPTADNY ovecuvssisssssausamuuammsvmitimss o e sssassonis oo s os sV amassnsis 1008
British and European: Standardsi. . s it musvisies sitoisss o 1008
American and International Standards...........ccocoviiiiiiiiiiiic e 1009
INOIIERCIAYIIE. vionvarrmnemsnesssrmissssovininssssssssssammssasss i s s ans s ke faswev s e oA SO S S5 EY 1009
PrOBISIIS «assisscarmusavmanvinivsmssiionsiorisssssmminass s iasshasssvissssesssssassss b aonsaasvsassasvassises 1013
General Site Considerations ... 1017
[l vaa 11 TudcTo) | N T TN TS 1017
Plant-location and site selecton:::imannnmumimninnnanQmminimmasiniain 1017
SHte Y O s s R RS R 1020
PLANT TAYOUL L1ttt ae e aa b e e neebeesbesanaenaens 1021
14.4.1 Techniques used in site and plant layout.........c.ccccceevviecinsiiccensencsrnssensanes 1023
U IO comsmsunniian s s B T e b SR S S T G NGO O 9 1025
Environmental considerations::.......ciiiiiciiiiiimiiinionisiiiniamimmiie 1027
14.6.1 Environmental [e@islation ........c.occooiiiiiiiiiioiiiei e 1028
14.6.2 W aste TNIMIZALION . c:vsoverssansssinssinssssssionassseninsenssssssscosssssssnsnsissiagssossssoiss 1031
14.6.3 'Waste MANAGEMCHT: oo s s 1033
168 IN OIS s o S Y T B T B B s 1035
14.6.5 Visual IMPaCt......c.ceeieiiiiiiiiiiiiiiiici et 1035
14:6;6 Environmental QUGIHINE: coceormesisssosmoiomnssniyrissrssosstopssssssgonssssossssons sssnsons 1036
REETENCE S wiiuuvsssmn s S A e T e e Tavse 1036
British and Buropean Standards:.....cuuimnnanniniiimiiaimasmitas 1037
American and International Standards............ccooeviiiiiiiiiicce e 1038
Design of Reactors:and MBS ......uiisssnsissiosiss 1039
O O O s T R O R e 1040



Contents XXV

15.2 Reactor design: general Procedune . .o uiaiiisnis st 1040
15:2:1 General procedure for-reactor: design «iniivmmiinnmanisiamsiions 1040
15.2.2 Ideal and real reaCtors ........ccoviiiiiiiiiiiiciiie e 1046

18.3 Sources of reaction engineering data.......c.ccceussueessensssessssenssasnssaessssssassassansssasans 1049
15:3:1 Enthalpy of TEaBtON s isie s S st toasdans 1049
15.3.2 Equilibrium constant and Gibbs free energy .........ccccoeceeeiiiiiviiiccecnne. 1050
15.3.3 Reaction mechanisms, rate equations and rate COnStants...........oceeeeeeenne 1051
15:3:4 TraniSPOIt PPOPETEIES . v ciesossussunsasssussssnsinosssassasisons sssasssons sissansus dausiaisvains 1052

154 Choice of reaction’Conditions  .cummimmmaaamamiimnswrimsras s 1054
15.4.1 Chemical or biochemical reaction.i...iiviisiananmisinainiaii. 1055
15.4.2 Cataly ST cuvesiieeiieieietcee ettt 1055
1543 TS MPETHEIIC, : coxsunessvunssonsosssssssosssssdsns iverssassnyasssomrasswrshbssvsbo N AP e SRS AT PER TR 1056
ESEA:A. PROSSINE . suiuwssasasssssasassstastssisestosssasssiedsosasssasasss s sss s5a0aNs sSasusansesdasvaaavastnas 1057
15:4:5 " ReactiOn PHARE uuvusassusts s o oo s s s S0 S s R B Do A i 1057
L0 S OIS R T R R R e R 1058
15.4.7 CONCENITALIONS ...ttt s s s 1058

195 Mixing And el PrePATAIION «.omscssmss o s o s e sss 1061
15551 Mixing in-sUIred: BARKS oo i o s iR e e o sava s ey 1062
19:5: 2/ Gas- igquid MmN g s SRR 1062
15.5.3 Solid-fTuid MIXINE c..oieveriiiiieiiiiciee ettt 1062

15.6 Heating and cooling of reacting SYSICMS .......c.vueuruiriruiriereeeieseeeeessieseeeeeseseesens 1063
15.6.1 Heating and cooling reactors: basic prinCiples........cccocovvvineiiiniincnncnne 1063
15.6.2 Heating and cooling stirred 1ank réactors........cocecevieereenesieesesiassssssesanens 1065
15.6.3 Heating and cooling catalylic reactors........ooevieviiiecieniciinniceeiccie e 1067
15.6.4 Heat exchange deviCes S TEACLOTS . cresiresssstossossssasssnosaissssassonsssassnsasassionss 1069

157 MUTIPRASE: TEACTONS jvuiinussininunssmssmesosiissos visssed s s s mas s s ssaAsH dsSdodass 1072
15:7:1 Vapourshquid reactors::::«ummmiassmiiiimiumuiuniamsmng 1072
15.7.2 Liquid-liquid T@ACIOTS ....eeviieviiiiiiciieiieeeeie ettt 1074
15:7:3 VaPOUI=SOIA SEACLOTS «ocoimvrsessosmrsssumsmisisnsssnssensinssissasssosissossiosssssnbnssssssinss 1075
15:7:4 LAqUAd-SOTA TEATIONS suusocuunvinsias i vassnsssn s vt s snssssnss s soms sodssass ss g vassevsuesss 1083
15.7.5 Vapour-liquid-solid reactors:.....cuaiainnniiiisiisiiiinisig 1084

15.8 Reactor design for CAtalyliC PrOCESSES .....iirmismenssiserssusssassssssesssassonsassassnsonssasanss 1086
15.8.1 Design for homogeneous catalysis.......coooiiiviiiiieiiiiciiinenineccse s 1087
15.8.2 Design for heterogeneous catalysis........ccccoeeeiuivenenisscnesinsensesinsessensesens 1087
15.8.3 Design and selection of solid catalysts........c.cccccevcvecnvnniininscnnnnseceinens 1090
15.8.4 Design for catalyst deactivation and regeneration ..........cccecceeeveeverernennne 1092

15.9 Design Of DIOTEACLOTS ...cvvvereieieieiiisseit ettt sttt s e esese s b saesaaeaas 1108
15:9:] BAZYINE CACANYEIS ixuiunssussoscussusonnasinsssnsneovessauassssaossuessss svassusssseains S5esiessssains 1108
15:9:2: Cell CUltIVAON cusiciaivmssssmsssinuss s o s s s e B v s savion 1110
15.9.3 Prevention of contamination in biological SysStems.........ccccccvueiniiirininnne 1112

15.9.4 Feed preparation and cONSUMPLON ....ocueiiiiiiiinieineceiieise e 1115



XXVi Contents

15:9:5'Batch fermentation . uinimisnimsmimamnisiivainissiissiswiiii 1117

15.9.6 Continuous fermentation ... s iniisisissiissisimmssims. 1120

15.9.7 Bioreactor instrumentation and control ...........cccccevvviiniiinncniienccennns 1121

15.9.8 Safety and quality control of bioreactors...........cccceeeevviiccninciiiieceniennns 1122

15:10 Multifinictional Dateh TRACTONS . ...cciuaisiaisi s dasisnaaiis o sssssississnins 1129

15:10:1 Design:of batch reactors s i RN Ea 1129

15.10.2 Multifunctional batch reactors ........c.ccoveieiiioiicnciiiiiieicccceceens 1130

15.11 Computer SIMUIAtION OF TEACIOIS. .. cousuassrassssonsassssasonsusansssnssssssssssnsnssssasssssssssvanons 1131

15.11.1 Commercial process simulation models ...........cccocceverieiiiiiicincniciennenn. 1131

1:5:11:2 Network: models. ... miimiiiiisn i s niiiiiatna 1132

15:11.3: Hydrodynamic:moAels:, .. ciisissimirueiissemsssiisitsmiaimibiamssmassesisicn 1132

15.12 Determining actual reactor performance ............oooeveeeeuereeieeninisieiereseeeseeseseseenees 1133

15.12.1 Measuring experimental reactor OULPUL ..........ccccevrurvucrinniieniicinenieniennes 1133

15.12.2 Measuring commercial reactor behaviour ..........cccooccveviciiinininiicinens 1135

15.13 Safety considerations in reactOr:deSIZI i......c.cvivsisimvisnsinsnesssisssiosassasssisaisnsissesians 1136

15.13.1 Inherently safer design principles applied tO reactors........ccceeeeeeevennene. 1136
15:13:2:Desipgning f6r eXOtherinic TEACHONE «..cusscsesssinsssssaincistoniassvssnssissssrsiss 1136

15:13.3 'Venting and relief of reactive systems....caunnnimmnainainnisissss 1139

19:14‘Capital cost: of Teactors; i smuninimsmmnassunmannaannsinms 1139

15,15 REFEIEICES ...vovivievieiieieieieiete sttt ettt sttt en s 1139
BB O ETADIS .. suinsuusmuinsosononnisnosnsepisnssinensosinissshions sasishosusvaiossassrsodssonsfsviAReEiaTansi 1142

Tnternational StAGARAS st s s s RS O s 1142

1516 NomMenCIATIS ;s s s e e o R T s 1143

15,17 PrODICIMS ..ttt 1145
Appendix A Graphical symbols for piping systems and plant.........ccccoeceeeviveevniiniincissiesecisens 1147
Appendix D Conversion factors for Some common ST unitS......ccoecvvviivciiiiniiinineiiiecececennns 1158
ADPENCIX. B DES1 gV DTOIECTE L vusssnssnessmsestasns s inssas s syms saaimisasoisss i isass syt s in e e e s e 1161
Appendix B Design Projects T iiimassmmoimmsissmsssssssssassnsvss s smies e sssissosiamss 1181
Appendix G Equipment Specification (Data) Sheets ..........ccceoiririiiiiiniiicenesee e 1209
I o e e R i B T S s S T G s 1225
Appendix B CorroSIon CRATT........coeoiiieiiiit et ss st ss e s es et saenes el
Appéndix € Physical Property Data Bank.......ccusasiussisssiceivisiiimsesisivisssasosiisasossosistosins el
Appendix H Typical Shell and Tube Heat-Exchanger Tube-Sheet Layouts .........ccocovciviincnincncne. el
Appendix. IMaterial Safety Data Sheel s s s R R R s I N R s el

Appendices B, C, H and I can be found in the online companion material at (https://www.elsevier.com/
books-and-journals/book-companion/9780081025994).



