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Design of multi-phase and catalytic chemical reactors:

a simulation tool for pollution prevention

JackERR.EHopper,ElamalEM.ESaleh,RRalphEPikeE

AbstractS Abcomprehensivebchemicaltreactorbanalysisb C i
toolbwashrequiredbtobcompletebabprojectitobdevelopbanb
advanbedton-linetprocesstoptimizationtanalysistsystemtorb Cj ;,
pollutionbprevention.bT'hebadvanbedbprocessbanalysisbys-b
tembintegratesbprogramsb(reactors,bon-lineboptimizatiobb ¢
pinchbanalysis,bandbprocesb flow-bheeting)btobanalyzebandb Cpg
modifybchemicalbprocesseb forbwastebminimization.bTheb pLD
reactorbanalysisbprogrambistto bebusedbhtobevaluatebandb

analyze multi- phaselxndlratalytlchreactorsbobuggebsthohheb D
plantbandbprocessbengineersbthe bestbreactorbtypebandb E(
operatihgbconditions.bAbmulti-phasbbcatalytictreactorbde-b
ignbandtanalysisttool,lReaCat,thas beenhleveloped.tReaCatb goa b
incorporateshmodelsttobdebignbthetfollowinptreactorttypes:b AP(I i
plugtflow,bCSTR, batch,bcatalytictfixed-bed,bcatalytictflui-b Hy,
dized-bed,tgas-liquidtstirredttank;tirickle-bed,lthree-phaseb - (
fixed bub le-bed, bub letslurrybrolumn,bCSTRUslurry,tandb -
three-phasetfluidized-bed. bThlstpaperbglvesbabsummarybofb
thebmulti-phasbbandbcatalyticbreactors:bclassifications,b K
theorytandbdesignbmodels,bnumericalbmethods,tandbolu-b  ~¢EP
tionbalgorithms.bAbdebriptiob oftthebreactorbanalysishtoolb

BCb

includingbcomparisob casesbwithbexperimentalbdatabisb cb cb
presented.b
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z( Axialbpolitionb (cm)b 8.bMulti-reactionbystemsb withbupttot30treactionsbandB6b

P1b DensitybofHiquidb(g/cm’)b componbntsb

T Gas-bpacebtimeb( Vi/Qg)b(s)b 9.bPredictionboftreactorthydrodynamicsbsuchbastpretureb
drop,bpowerbconsumptionlicatalybt-wettinghfactor,bandb

IntroductionE flowtregimes.b

Totperformlantadvancedtprocesstsystemtanalysis,bwvhichtisb
usedttotevaluateblchemicaltandlrefinerylprocessestforbvasteb
minimizationb(Telangbl 996,tPikebetbal.bl 998),bantadvancedb
chemical reactortioollistessehtial. The reactorldesigntiooltisb
to bebusedbtobevaluatebandbanalyzebthebvariousbtypesbofb
industrialbmulti-phasebabdbcatalytictreactors.bn anbeffec-b
tivebandbtimebsavingbmahner,bplantbahdbprocesstengineersb
needtatreactorbdesignitoolitotenalyzetandtstudyttheteffectd y;¢fe ontiyeactorttypestincludedtintthiststudy. MMulti-phaseb
ofboperatlhgbcondmonsbpnlthebpolluﬂqnhndex.Eorhh@b reactorsbarebdeﬁanll)baslreactorsbNithbatHeas?[’liwobdisfinctb
purposh,tReaCat,tatmulti-phasblcatalytictreactortanalysisb phaseshinbcontact.bReactors,hinbgeneral,bmay bebclassified
imulatiob  tool,thas beentdevelopedbwithtthetfollowibgh basedbonbthebnumberboftphasebcoexistencebintobthetfol-b
featurebb lowingbcategory:b

i)b Homogeneous:nelphaseblsuchtastgastoriiquid existstinb
thebreactor.bThethydrodynamictflowbcharacteristicbofb
thebmixturebdetermineshthelreactorbtypetsuchbasbplug,b

ib  Homogeneoushreactorshplugbflow,bCSTR, batch)b CSTRbor batch.b

Multi-phaseEandEcatalyticEreactor,EdefinitionsE
andElassificationsE

In industrialbchemicalbprocesseb,bmulti-phasbbreactorsb
havebabwidetrahgebofbapplicationsbsuchbasboxidation,b
hydrogenation,thydro-desulfurization,bandtthebFischer-b
Tropschbynthetbsis.bl'ablebl Histshthebdefinitiob forbtheb

1.bUser-friendlybinput/outputhinterfaceb
2.bGraphicalbandbtabularbdataboutputb
3.bReactorbmodelstincludedb

iib Heterogeneoustreactorsb ii)bHeterogeneou§:btwol?distinctkphasesbofb‘eactgntsb(yb
I Catalyticbgastfixed-bedb catalyst)bcpex1st.bThlsbca'Fegoryhnay bebclassifiedbintob
I CatalyticHiquidbfixed-bedb thebfollowinpbsubcategories:b
Il Catalytictgastiuidized-bedb abCatalytic reactors:tgastoriquidtphaset{or both)tistinb
IVb  CatalyticHiquidbiuidized-bedb contactbwithbabcatalystb(mainlybolid, butbcould beb
Vb Gab—hqu1dbcon.t1nuousl:st1rredhankb anotherHiquidbphase).bBExamplesboftthisbcategoryb
:’/h ?ﬁree-pﬁaselfl({)klf-&edté bedb includebthebcatalytichpacked-bedb(catalyticbgashre-b
ree-phase bub lethixed-be actionpbandbthebthree-phasebtrickle-bedbcatalyticb
VIII Three-phaseb catalyticb gas-liquidb slurryb tirredb gas—liclft:ﬁdtreactionh P & Y
tankb ' o b Non-catalytictreactors:bgas-liquidborHiquid-liquidb
XI ghéleie-phasebcatalytlcbgas—hquldbSlurryb ub le- reactionsbarebcarriedbinbabvarietybofbcontactbvesselsb
e suchbasbthebgas-liquidbcontinuoushybstirredttankb
Xb Three-phasebcatalyticbgas-liquidbfluidized-bedb reactor.b

4.bPower-lawtreactiontratebortthelLangmuir-Hinshelwoodb Eachbreactorbtypebexhibitshcertainbcharacteriicsbabdbad-b
modelbtobaccounttforbthebcatalytictadsorptionbeffectsb ~ vantagestthatbmay make ittthe bestbrandidatetfor atspecificb
5.bEquippedbwithirorrelationtiotestimatelthetexternalbmassb reaction;tthetpowerlof aimulationbtool becomestverytelearb
transberbeffectsb(gas-liquid,bandHiquid-solid),bandbdis-b forbsuchbanbanalysis.bForbabcompletebdisbussionbonbexam-b

persionbcoefficientsb ples,bclassificationtbdefinitiohs,bandbadvantagesborbdisad-b
6.bEstimationboftthebcatalyticteffectivenesstfactorttobac-b ~ vantagesbofbmulti-phasbbandbcatalytictindustrialtreactors,b
couhtbforbthebintra-particlebresistanceb thetreaderhistreferredbtobOstergaardb(1974),68hahb(1979),b
7.blsothermalbandbnon-isothermal/non-adiabaticbcondi-b  Tarhanb(1979),BRamachandrantandbChaudharib(1983),b
tionsb Tsutshmibetbal.b(1987),bandtSaleh(1994).b

TableS1.S Definitionsboftreactorsb

Catalyticbpacked-bedb Gab orHiquidbreactantsbflowboverbabfixed-bedboftcatalystsb

Catalytictfluidized-bedb Thebup-flowbgasborHiquidbphasebuspendsb thetfinebcatalystbparticlesb

CSTRbgas-liquidb Liquidbandbgastphaseb arebmechanicallybagitatedb

Bub lebgas-liquid bedb Liquidbphasehistagitated byhthe bub lebriseboftthebgastphasb.bLiquidbphasebisbcontinuousb

Trickle-bedb Concurrentbdown-flowbofbgasbandHiquidboverbatfixed-bedbofbeatalyst.bLiquidbtricklesbdown,b
whilebgasbphasebisbcontinbousb

Bub lelfixed-bedb Concurrentbup-flowbofbgastandHiquid.tCatalyst bedbisbcompletelytimmersedbinbabcontinbousb
liquidtlowbwhilebgab risesbas bub lesb

CSTRblurryb Mechankrallybagitatedbgas-liquidbcatalysttreactor.bl'hebFinebcatalystbparticlesbarebuspenbdedbinttheb
liquidbphase bybmeab oftagitation.b(BatchHiquidbphasebmaybalsob ebused)b

Bub lebslurrybcolumb Liquidbishagitated bybmeansboftthebdisperbedbgas bub les.bGas bub lebprovidestthebmomentumb

tobuspenbdbthebcatalystbparticlesb
Three-phasetfluidized-bedb Catalystbparticlesbaretfluidized bybab upwardHiquidtlowbwhilebgab phasebrisestinbabdispersed
bub letregimeb
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Fig.S1.S Gas-liquid-solidbcontacthinbthree-phasetreactorsb

DesignEmodelsE
Designbofbmulti-phasebabdbcatalytictreactorshisbmoreb
complexbthanbthatbofthomogeneousbreactorsbduebtobtheb
followinp:hthebcoexisbencebofbmorebthanbonebphasetintro-b
duceb thebmasshtransbertresistanceb(Figbl ),bthehintra-b

particletdiffusion,tadsorptionteffectsiandtthetflowlregimes,b
whichbmay bebdifferenttforbeachbphase.bThebdetailsbofbtheb
mathematicalbmodel,tassumptions,tandtsolutiontalgorithmb
forbeachboftthebreactorbtypesbareistedbintSaleht(1994),b
Hedget(1999),landBWaghchouret(1999).1Tablest2,8,bt,15,6,b
andb7bshowbthebdesignbmodel,balmmptionb s,bandbsolutionb
algorithmskforbthebthree-phasebtrickle-bed,tthree-phaseb
catalytickslurrybCSTR,bandbgas-liquidb(noh-catalytic)b
agitatedbtank,bcatalyticHiquidbfluidized-bed,bcatalyticbgasb
fluidized-bed,bandbcatalytictfixed-bed,trespectively.bTheb
trickle-bedbmodelb( Tablel2)hisbapplicablebtotthree-phaseb
fixed-bed,bthree-phasetfluidized-bed,bandbthree-phase

bub lebslurry-bedbasbwell.bAbcompleteHistbofbeorrelationsb
implementedhintthebReaCatbprogrambtobpredictbthebmassb
transberbandthydrodynamicbparametersbaretistedbintSalehb
(1994),bHedgeb(1999),bandbWaghchoureb(1999).bThebe-b
lectiob oftthesebcorrelatiob is basedbonbthebrecommen-b
dation,HfoundbinHiteraturebreview,bofbotherbauthoritiesbinb
thisbarea.bForbexamples,bthebcorrelationbimplementedbforb
thebthree-phasetreactorsbarebthosetrecommelded byb
RamachanbrantabdbChaudharib(1983).E5incebmosthofbtheb
correlationsbwerebdevelopedtforaboratorybandbpilotb
reactors,bprogrambusersbareballowedbtobskipbcorrelationb
whentexperimentalbdatataretavailable.bl'ablest8 and 9 give ab
summarybofbthebcorrelationsbusedbinbthebprogram.bForb
catalytichreactors,bintra-particlebdiffusiob ib accountedbfor
bybmultiplyinghthebintrinsictreactionbrate bytthebcatalyticb
effectivenbsstfactor.bThebprocedurebtobestimatebthebcata-b
lyticteffectivenbsstfactortisiistedtintT'ablet 0.tProcedurestiob
warnbthebuserbofbconditionshthatbviolatebthebmodelbas-b
umptiob arebalsobincluded.bBForbexample,bwhenbtheb
catalyb-wettibngtfactorbistnotbunityborbwheb atflowhregimeb

TableR.S Three-phasebgas-liquidbcatalytictreactorsbdesignbmodeli(trickle-bed,Hixed-up-flow bub le-bed, bub leblurry bed,tthree-phaseb

fluidized-bed)b

Non-volatileHiquid-phabebmass balanceb p, ir‘%{— ULdgL’(i — (Ke
5 Z

VolatileHiquid-phasebmass balanceb

Boundarybconditionsb Atke(=0b — Dy i?g—L'(’i =
1 dz
Atke(=1 Li=0

Gas-phasebmass balanceb dCg.i

Componbntbmass balanceb
arountbthebcatalystb

Modelbassumptionb
1.bCompletetradialbmixinpb

~Ugparr — (K 89’(%{(”‘ CLi) = 0.0b

(Kc c)i((CL,i(f CS‘ia = (771’&

)i(Cri— Csji) = 0.0b 0

DL,i?%(— Uﬂg%+ (Ky gk)i(%‘(i — Cri) — (Ke c)i((cu(_ Cs:) = 0.0 @b
U Cuir— CLy)

(3)b

(4)b

2.bAxial backbmixinghisbaccountedbfor bytthebdisperbhonbparameterb
3.bGasbandHiquidbconcentratiob andbitemperaturebprofilesbaretfunctionboftreactorengthbonlyb
4.bCompletebratalysb-wettingbfactorbandbuniformbeatalybtbconcentratiob andbactivityb
5.bThebcatalyticbeffectivenesstfactorbaccoultsb forbthetintra-particlebdiffusiontresistanceb

Solutiob algorithmb

1.bEquatiob 1-4tarebdevelopedtforbeachbcomponentbinbmixtureb
2.bAtbthehinletboftreactor,be=0,thebontinearbalgebraicbsystembofbEq.btib solvedbthebconcentratiob attthebcatalystburface

bybtheblNewtonbRaphsonbnumericalbmethodb

3.bWhenbplugtflowbmodelhisbassumed,bEqs.t2,b8,bandbtbaretintegratedbusingbthebpreviouslybcalculatedbsurfacebconcentration.b

Forbthebdispersionbmodel,bthebshootingbmethodhisbappliedb
4.bStepsbl -3baretrepeatedtfortthebentirebreactorengthb
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developedhisbotherbthantthebassumed,babwarningbmeslgeb AnotherbversionboftReaCatbwas builtitotallowtsimpletflow-b
will bebdisplayedtattthebendboftthebralculation.tEachbofttheb heetimgbcapability,bsuchbasbconnectibhghbreactorshinberiesb
mathematicalbmodelsthas beenbtestedbversusbothertpub-b  orbparallel,bgenericbmixingbandbsplittingbofbstreams,bandb
lishedbexperimehtalborbsimulationbwork.bI'ablebl 1Histsb generictheatbtransberbequipmentb(Fight).
somebcomparisontexamples;Horbmoretexamplestthetreaderb

maylreferbtotSaleh(1994).b ExampleE1,EsulfuricEacidEproductionBbyEcontactErocessE
L. Thetproductiob oftsulfurictacid bytthebcontactlprocesstistab
ProgramEdescriptionE three-sbepbprocessbthatbproducesbsulfuricbacidbandbteamb

Aluser-friendlylinput/outputtprogramthas beenbdevelopedb from air,bmoltentsulfur,landbwater.brhetprocessteonsiststofb
tobsolvetandtanalyzebthebdifferenttreactorbtypes.tFigurest2,b threebectionbs:b(1)bthetfeedbpreparationbectionb(2)btheb
3,tandMshowhatfewbofinputtscreens.bAbcompletebuserb  reactorbsection;i(3)bthebabsorberbectionh  thebfeedb
manualbmay bebrequesteddfrombthebauthorstiResultsbmay preparationbectionbbmoltentsulfurtfeedtisbcombubtedbwithb
bebviewedtinbgraphicalborttabulartformat.blhebuserbcanb  drybairtintthebulfur burnerbtobproducetSO,.BThebeconbdb
viewbconversion,bconcentration,itemperature,tandbprebb  ectionbistthetreactortorbconverterbectionhbGalkesbfrombtheb
sure,bwhichbmay bebdisplayedtastatfunctionboftreactorb  feedbsection,tsulfurbdioxidebandbair,benterbath(7876°F)b
length,bvolume,beatalystbweight,bortreactionbtimet(Fight).b  419.4°Ctandl{(19.4Psia)bl33,759.12Pa.tSulfurbdioxidetandb

TableS3.S Three-phasebgas-liquidbcatalytictreactorsbdesignbmodelt( CSTRblurry)b

Non-volatilebcomponettb b ) _ vk, AP — o) =00 (1)
liquid-phasebmass balanceb QLt( Ll L”(> riKe Cg‘( Li SJ()

Non-volatilebcomponettb ib__ ~ob C°G.i(_ rob) _ (eod _ ) — )
liquid-phasebmass balanceb QLh(CL‘l( CL"() Vil ggi( Hi( CL"(> Vr(Ke CQ"<CL" Cs,;() 0.0
Gas-phasebmass balanceb QG(C&(— Cgt}) _ VRt(KL ggi(c;ci(,i(_ CEIZ() —00 (3)
Componbnthmass balanceb V(K. 3AC% — Ce:) = Vil—r; 4)
arounttthebeatalystb r(Ke Cg’( Li S"(> R(=ri)

Modelbassumptionb

1.bGasbandHiquidbphasesbarebwelltagitatedb
2.bUniformbconcentrationbandbtemperaturebwithinbeachbphasebintthebentiretreactorbvolumeb
3.bCompletebandthomogeneousbcatalystbuspensionb

4.bContinuoustlowb

Solutiob algorithmb
1.bEquatiob 1-4tarebdevelopedtforbeachbcomponentbinbmixtureb
2.bAnhinitialbguesstforbthebsurfacebconcentrationbistassumedb
3.bForbabgiventreactorbvolume,bthebsystembofbonlinbearbalgebraicbequatiob istsolvedtiteratively bytthetNewtonbRaphsonb
methodbtotfindbthebexitbconditionsb

TableSt.S Gas-liquidbagitatedbtank,bdesignbmodelb

Gas-phasebcomponentbmass balanceb (Qe/RT)(P'i — P°if + VREKg r{P°i/Hi(— C) = 0b (1)
orb Faasf PriP'i — P°i) — VREKg o{P{/Hi(— C{) =0
Liquid-phasebvolatile-componentbmass balanceb QLI(CE(— Cﬁ?) + VREKy {P°i/Hi(~ Cﬂ?) + 7;Vgp= 0b (2)
Liquid-phasebnon-volatile-componentbmass balanceb QLt(CiL‘?(— Cf?) + 1;Vrp= 0b 3)
Energy balanceb TFi{o;(Ti — To) + B;/26Ti*— To™) + v,/36Ti**— To] (4)b

— [VRX(AH,;1;)] + UA(Ta — To) = 0b

Modelbassumptionb
1.bSteadybtateb
2.bBothtphasesbarebassumedbto bebperfectlybmacro-mixedb
3.bUniformbgasbandHiquidbtemperatureb

Solutiob algorithmb
1.bProvidebab initialbguesstfortthebdesignbvariables:bgasbandHiquidbconcentratiob andbtemperatureb
2.bEstimatebthethydrodyhamicbparameterb:bmasshtransferbcoefficients,bpowerbconsumption,bandbminimumbgastflowtrateb
3.bEquatiob 1-4barebdevelopedbforbeachbcomponentbinbmixtureb
4.bThebsystembofbon-libnearbalgebraicbequationbisbolvedb imultaneously bybthelNewtonbRaphsonbmethodb

95:



96:

Clean: Prod: Processes: 3:(2001):

oxygeb fromhirtreactbwithbeachbotherttobproducetSOspandb reactb withbwaterbtobformbsulfuricbacid.Hn thebactualbpro-b
heatbsincebthishistanbexothermictreaction.bSO;,frombtheb  cessbplant,fourbconbertersharebusedbtobobtainbmaximumb
reactorbsectionhbisbpassedbtobthebabsorberbsectionbwherehitb possiblelconversionbvithtintermediatetremovaltoftheattandb

Table$.S CatalyticHiquidtfluidized-bedtreactors,bdesignbmodelb

Liquid-phasebcomponbnt balanceb

Plugilowb dG; 1
ughiow —Us d Zﬂzb: Ki(Cip— Cis) W
Disperbonb dZICi dC,‘ (2)b

P Dy v; - ULbEL(b: K (Civ— Cis)
Catalysth(emulsion)bphaseb Ki(Ci— Cis) = (R)iCata_lystPhaseb ©)
Energy balanceb (4)

dT( NR )
PL UL Cpr&(: Z R]AH rj( + Ua(Tambientb_ TReactorl)
j=1b

Assumptionsb
1.bThetreactionhinbtheHiquidbphasebisbassumedbegligibleb
2.bByleglectinghinternalbconvectionbeffects,bthebcatalystbandbtheiquidbarebassumedbto betatbthetsamebtemperatureb asedb
onbthebextremelyb mallbparticlebsizes.t(inbim)b
3.bSteadybtateb

Solutiob algorithmb
1.bEstimatebthetrequiredbparameterb.b( Uy, bK; ,bexpandedHengthbof bed)b
2.bCatalysthsurfacebconcentrationb (Eq.t3)barebconvergedbusingbthebNewton-RaphsonbmethodbwithbthebGauss-Jordanb
eliminatiob method. Ab alstartingtguess,kratalysttphaselroncentrationb aretassumedto betequaltiotroncentrationstinHiquidtphaseb
3.bLiquidbconcentrationb (Eq.blbort2)tforbthebnexthintervalbarebcalculatedbdependingbonbtypeboftthetflowbselected.b(4thborderb
Runge-Kuttabforbplugtflow,Hinitebdifferenbetforbthebdispersionbmodel)b

Table$.S Catalytichgas-fluidized-bedtreactor,bdesignbmodelb

Designbequationsb
Bulk(gas(phase (bubble(phase)(
Plughflowb dc; 1)b
ughiow =U( dZ((:KBCIQCi — Cic) W
Withbexialbdispersionb de; dc; (2)b
P D g5~ U0 = KockCi — Ci)
Intermediate (cloud-wake)(phase( KpckCi — Cic) = ZebR) ictoudphase T KcrhCich— Ciet (3)b
Catalyst (emulsion)(phase( Kce(Cicv— Cie) = ZebR) igmusionphaseb (4)b
Energy(balance( dr( & . (5)b
Pg U(Cpgb& = Z R]AHV]‘(-I- Ua(Tambient - TReactorl)
2
Assumptionsb

1.bThreelphasestpresenbib a gastluidized-bedtreactor.tBulktgab phaselistknownta bub letphase.Hntermediatetphaselrontains bothb
gashandbthebsolids.bCatalysth(emulsion)bphasethasbolidsb inthigherbconcentrationb

2.bThebgas bub les formedbarebassumedbto bebsphericaltinbatureb

3.bMasshtransfertis believedbto bethappeninghintalltthreebphasesb

4.bThebreactionboccurringhin bulkbgasb(bub 1le)bphasehisbotb ignificanbtbahdthencehisbeglectedb

5.bSteadybtateb

Solutiob algorithmb

1.bEstimatebthetrequiredbparameterb usihgbcorrelationst( D(,bU( y¢,bye,bKpc,bKcr)b

2.bIntermediatebandbolidb surfacebconcentrationsb(Eqs.b 3bandb4)btarebconvergedbusinghthebNewton-Raphsonbmethodb
withbthebGauss-Jordanbeliminationbmethodb

3.bBulkbgasbconcentrationsb(Eqs.b 1bork)Horbthetexthintervalbarebcalculatedbdependingbonbtypeboftflowbselected.b(4thborderb
Runge-Kuttabtforbplughflow,Hinitebdifferenbetforbthebdispersionbmodel)b

4.bFortnon-isothermalbcases,bthebtemperaturetforbthemexthintervaltisbcalculated bybtEq.b 5tehdbusedbtotfindbreactiob ratesb
forbthelextHengthbintervalb

5.bStepstBbandb4baretrepeatedboverbthettotalbreactorlengthb
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thebproduct,b80;.bThebremovaltinbreasesbthebequilibriumb  followingbexprebon:b
conversion.bl’hebreactionbtakesbplacebonbabvanadiumb

pentoxidebcatalybt.BT wobtypesboftthisbcatalystbL.P-110bandb 1/2b
LP-120btarebusedbinbthesebreactors.bl'hebreactionbis:b rS02b= PsorPoyy . Hb_ Psos o
/2b 1/2

SO+ (1/2)Og5— SO3p (A + BP({yp+ CPgqs+ DP 50319 KpPso02Poy

Thebkineticbmodelbforbthib reactionbwasbgiven bybHarrib

andiNormanb(1972).bThelreactiontratetistpredicted bybtheb Where

TableS7.S Catalytictfixed-bed,bdesignbmodelb

Mass balancetarounbthebcatalystb (¢ )i(Cob— Cs)i(=n(—Reet ), (b

Gas-phasebcomponentbmass —UG%(— (¢ )ifCav— Cs)i(= 0.0b 2)
balanceb(plugbflowbmodel)b

Gas-phasebcomponentbmass DgidLGi(_ ydeGi_ ( ¢)i{ Cab— Cs)i(= 0.0b (3)
balanceb(dispersiob model)b o a hdz ( & ¢ 5)

Energybmodelb UapsCPoiy = Z (RjAHRj) + UA(T(— Taf (4)

Modelbassumptionb

1.bCompletetradialbmixinpb

2.bDisperltionb coefficienthib usedttobaccouhttfortthebaxial backbmixingb
3.bEffectivenesstfactorbaccoultsb forbthehintra-particlebresibanceb
4.bSteadybtateb

Solutiob algorithmb

1.bAtbthetreactorbinlet,bdevelopbEq.bl forbeachbcomponenthinbthebmixtureb

2.bSolvebthebsystembofbon-libnearbalgebraicbequationstfortthebconcentrationbatbthebcatalystburface,b C(.brhishistantiterativeb
procedurebastfollow:bGuessbC(,bsolvetfortthebeffectivenesstfactor,bevaluatebthenethintrinsictreactionbratetforbeachbcomponbnt,b
thentusingtthetNewton-RaphsonbmethodttotsolvetthelsystemboftEqs.bl ,mewbraluestforbC( aretestimated.bThetprocesshistrepeatedb
tillnotfurtherbchangebinbC( isboccurringb

3.bDeveloptEqgs.i2bortB dependingbontthebmodelbchoice, bplugborbdisperbion)forbeachbcomponenthinbmixture;tsolvebforbtheb
nexthincrementhinbreactorengthbusingbtheb4thborderbRunge-Kuttabmethodbortfinitebdifferenbeb

4.bRepeatbthebabovebtepsb fortthetnexttreactordengthbincrementb

TableS8.S Correlationbusedtforbthebthree-phasebcatalytictreactorsb

Correlationb Trickle-bedb Fixedbup-flowb CSTRblurryb Bub leblurryb Three-phasetfluidizedb
Pressurebdropb Larkinsbettal.b(1961)b Turpinbandb -b -b -b
Hintingtonb(1967)b
Ellmanbettal.b(1988)b
L andbGtholdup<1b Satobetbal.b(1973)b Fukushimabandb Calderbankb(1958)b Yamashitabandb Kimbetbal.b(1975)b
Kusakab(1979)b Aeonb(1975)b
Ellmanbetbal. (1990)b  Achwalbtandb Yungbetbal.b(1979)b Maselkerb(1970)b
Stepanekb(1976)b
G-Lbmasshtralferb Ellmanbetbal. b(1988)b Reissb(1967)b Bernbetbal.i(1976)b  Akitabandb Dhanbkabandb
coefficientb Yoshidab(1974)b  Stepanekb(1980)b
Satobetbal.b(1973)b Dakshinamurthyb
etbal.b(1974)b
L-Sbmassbtransferb VanbKrevelentandb Specchiabetbal.b Sanobetbal.i(1974)b Kobayashibandb Leebetbal.b(1974)b
coefficientb Krekelsb(1948)b (1978)b Saitob(1965)b
Dharwadkerbandb
Sylvesterb(1977)b
L dispersionb Michellbandb Stiegelbandb -b Deckwerbetbal.b  El-Temtamyb
coefficientb Furzerb(1972)b Shahb(1977)b (1974)b ethal.b(1979)b
Ghdispersionb Hochmanbandb -b -b Mangartzbandb  -b
coefficientb Effronb(1969)b Pilhoferb(1981)b
Walltheatbtransferb Specchiabandb -b -b Fairb(1967)b -b
coefficientb Baldib(1979)b
Powerbconsumptionb  -b -b Luonghandb -b -b
Voleskyb(1979)b
Michelbandb

Millerb(1962)b
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Ps02,bP02,Ps0sparetinterfacialtpartialtpressuresboftf0,, O,,b ResultsE

andbSO;,(atm)b

Anl80,conversiontofth9.74%Hbstobtainedl catalystttype:b

Kppisbtheb thermodynbmicbequilibriumbconbtanth( atm™?)b LP-1 20)laththetexittpointbofithetreactortanditheboutletb

Constantsb4,bB,bC,bandbD aretfunctiob ofttemperaturebl(

temperaturelisi 10145°F)1545.558°C.HfHL.P-110keatalysthisb

P denoteshinterfacialtpartialbpressuresboft50,,andbO,pzerob used,b5.99%bonbersiontistobtaihedbvithtantexitttemper-b

conversionbunderbtotaltpressurebatbthebpointbortreactorb
(atm)b

ForbcatalybtbtypebLP-110b

A= e O8H60/T B 0 ol032-7350/T [y _ o=738+6370/ T(

ForbcatalybtbtypebLP-120b
A — o—589+H4060/T B g (o _ o645—4610/T ) _ o—8.5947020/1T(

Forbthetheatboftreaction,banbempiricallformulabisbused,b
whichbwasbalsobderived bybHarrisbandiNormanb(1972):b

AH,eactionb= 1.827(—24097b- 0.26T 4 1.69b 10>T*
+1.5b 107°/T) — BTU/Ibmol(cal/gmol)

Thebcompletelistboftinputbparameterstandboperatingb
conditionsbprovidedtforbthebReaCatbProgramhisbgiventinb
KuniibandbLevenspielb(1969).b

Table®.S Correlationbusedtforbthebtwo-phasetreactorsb

aturebofl{9500°F) 15 10B°C.Htbcan bebeenbthatbconversiob ib
highertforL.P-120,thencel$ O, emisstontwill belless.tiKeepingb
thebeatalysthtypelronstantandbvaryingtthelinlettflowlrateb
howsbthathlecreasihglthetflowlratelincreasebthelzonbersionb
thustreducihgts O, ,emissbon.tSincetthib ib ab exothermicb
reaction,lronbersionbdecreaseb at higherttemperatures.tTheb
procesbusesbntermediatelroolersbobowerltheltemperature,b
whichlgivesta bettertronbersiontandtreducest$ O, emissbon.

ExampleE2,EcatalyticEoxidationEofEethanolEnEwasteEwaterE
Organicbpollutantb dissolvedbib liquidbwaterbarebusuallyb
removed bybthe biologicalboxidatiob process.bHowever,b
omeb pollutantb withbaromaticbstructurebdecomposeb
lowlyb underbthisbprocess.bLiquid-phaseboxidationbofb
organicbpollutantb ib waterbwithbabsolidbcatalybtbprovidesb
abmethodbthatbmaybremovebdisblvedb organicbcom-b
poundstbThisbisbabtypicalbcasebwheb three-phasebreactorsb
arebappliedbsincebthebprocessbcontainsbliquidb(aqueousb

Gas-liquidbcontinuouststirredbtankbreactorb
1.BMaximumbgastflowbratet( Qg max)b
2.8Bubblebdiameter{d )b
3.bGastholdupb(eg)b
4.HLiquidbsidebmasstiransferbeoefficientb(b; )b

CatalyticHiquidtfluidized-bedb
Masshtransferbcoefficiehtt( Ky )b

Catalyticbgastfluidized-bedb
1.bVoidagebatbminimumbfluidizatiob (ey,e)b
2.bVelocitybattminimumbfluidizationb(U,,,r)b
3.8Bubblebdiameter{Dg)b
4.tMasshirahsferbcoefficientsi( KgcpandbK )b
5.bCoefficienttforbaxialbdispertionb (Dga)b

Catalyticbgastfixed-bedb
1.bCoefficienttforbaxial-dispersionb

Charpehtierb(1981)b

VanbDierendonckh(1970)b
VanbDierendonckh(1970)b
VanbDierendonckh(1970)b

Chubetbal.6(1953)b

BroadhurbtbandbBeckerb(1975)b
KuniibandbLevenspielb(1969)b
HoriobandBNonakab(1987)b
KuniibandbLevenspielb(1969)b
KuniibandbLevenspielb(1969)b

KuniibandHLevenspielb(1969)b

TableS10.S Calculationbofbcatalyticbeffectivenesstfactorb

Catalyticbeffectivenesstfactorb

Firstborderbreactionbrateb
Sphericalbpelletb

Cylindricaltpelletb
Slapbpelletb

Generalbon-libnearbreactionbrateb
whereb

Dewp
Cskb

(-r(C))b
R(
Prb
Limitingbreactantbistfound bybthebfollowingbcriterionb

Deb
c(

n= #'(coth&/) — ﬁ) wherebyp isbthebl'hielebmodulusb

¢ =2y/kSapy/De

¢ =2y/kSapyp/De
¢ = L\/kSapy /DebCSb

¢ =5pp(—r(CS)){ Jh 2Deb(—r(CS))dCSb} **

Limitingbreactantbindexb

Effectivebdiffusivitytforbthedimitinghreactantb

Limitingbreactantbconcentratiob atbcatalystburfaceb

Intrinsichreactiob ratebashnon-linearbfunctionbofbsurfaceb
concentratiob

Catalysthpelletbradiusb

Catalystbdensityb

D.pCsp>10bDesCsab
StoichiometryboftBbwhenbtoichiometryb ofbA=1b
Effectivebdiffusivityb

Surfacebconcentrationb
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organic),bgasb(oxygen),bandbsolidb(catalysb).bThebobjec-b
tivebofbthib analysisbisbtobcomparebthebethanolbconver-b

phasetfluidized.bT'hebgasbphasebwasbassumedbtobmovehinb
plughflow.bT'ablet2bhowsb thebcomponbnt balanbetforbtheb

ionb profilesbforbthebdifferentbtypesbofbthebthree-phaseb
reactors.b

catalybt,bgas,bandHiquidbphasetforbthetabovetreactors.b
TablelBHiststthebcomponbnthmaterial balanceshintthebwell-b
AbtypicalbecatalystbusedhinbthistreactionhisbPd-Al,Ospatb  agitatedbslurrybreactort( CSTRblurry).b
30°C.bThetreactionthas beenbhownbto belfirstborderbwithb Thebcatalyticbeffectivenesstfactorbwasbcalculatedbac-b
respectbtoboxygeb andtzeroborderbwithbrespectbtobethanol.b cordinp totequationstpresehtedtinbl'ablet 0.t heltgas-liquidb
Thebreactionbstoichiometryhistreprebentedbas:b andHiquid-solidbmab transberbcoefficientsbweretfoundb
usingbthebcorrelationsbpresentedhib Tablet9.bValuesbcal-b

Agyt Biy— productsb culatedtforbthebmassbtransferbeoefficientsbandbeatalyticbef-b

whereb fectivenessbfactorsharebgivenhinbl'ablebl 3.b

AbOxygenb ResultsEandEdiscussionsE

BbEthanolb Thebconversiob profilestforbthebfixed-beditrickleband

ﬁi)]?ab%f;ieb b bub letfixed-bed)bandithetsuspended-bedi(slurrybandb
iqui ase

fluidized)breactorbgroupsbwerebcomparedbseparately be-b
Thebratebconstanbb ,hib 0.0177bcm’/gts.BTablebl 2Histsb ~ causebofbthebdifferencelib catalystdoadbandbparticlebize.b
otherbparameterstandboperatibgbconditionstneededbtobrunb Howeverbthebcatalystdoadbandbparticlebsizebarebthebameb
thetReaCattpackage.tSincelfixed-bedstandbuspended- bedsb withinbeachbgroup.b
havebdifferentbcharacteristicstregardinghthebcatalybtboadb Figureb7bhowsb thebethanolbconbersionbprofileshinttheb
andbcatalystbparticlesbdiameter,bdifferentbizesb ofbcatalyttb  trickle-bedbandbthe bub lebfixed-bed.bIhebslightbconber-b
particlesbandbcatalybtHoadsbwerebusedhinbfixed-bedsbandb  jonbincreabetinbthe bub letfixed-bedbovertthettrickle-bedb
suspended-beds.bBHowever,ballbotherbparametersbandb (aboutbt%batHength=500bcm)hisbprobablybduettothigherb
operatihgbconditionsbarebessentiallybthebsamehib thib valueb of bub letfixed-bedbmassbtransberbcoefficientstsTheb
comparison.bI'ablebl 2bhowsb thebdifferentbcatalystbandb catalyticteffectivenbsstfactortfor bothboftthebfixed-bedbre-b
reactorbcharacteristicsbasbusedtinbthebtudy.b actorsbwasbfoundbto bel0).13,bwhilebdispersiontroefficientsb
weretnegligiblebfor bothbofttheselreactorshinbcomparisonb
withbthosetforbsuspended-bedsh(Tablebl 3).b
Figuret8bhowsbabcomparisob oftthebethanolbronbersionb
profileshinbsuspended-bedbreactors.tSimilarbcatalybtHoad-b
ingbandbparticlebdiameterbwerebusedbinbthebthreebtypesbotb

DesignEmodelsEandEsolutionEalgorithmsE

Abdispersiob modeltisbusedbtobdescribebthediquid-phaseb
componbnthmaterial balanceshinbthetfollowingbreactors:b
trickle-bed, bub lebfixed-bed, bub lebslurry,bandtthree-b

TableS11.S ReaCat,testbcasesb

Catalyticbgastfluidized-bedb
Multiplebreactiontsystembforbthebproductiob oftphthalickanhydridebfrombnaphthaleneb(KuniibandbLevenspiel)b

Literatureb ReaCatb(1)b ReaCatb(2)b ReaCatb
Plugtflowb Plugtflowb Plugtflowb Dispersionb
Conversionb 97%b 94.93%b 85.49%b 81.26%b

(1)EExperimental bub lebdiameterbvaluesthas beenbused bytthebprogramb
(2)bThebcorrelationboftHoriobandbNonakab(1984)thas beenbusedbtotfindbthe bub lebdiameterb

Continuousbgas-liquidbstirredbtankbreactorb
Liquidbphaseboxidationbofbo-xylenetintobo-methylbenboicbacid bybmeansboftairt( FromentbandbBischoffbl 979)b
Literatureb ReaCatb

Conversionb 83.39%Db 83.95%Db

Trickle-bedb

Liquid-phaseboxidatiob oftformicbacidbinbthebpresenceboftCuO.ZnBbcatalystb(Baldibetbal.bl 974;bGotobandtSmithbl 975)b
Experimentalb ReaCath(plugtflow)b ReaCatb(dispersiobb
88.5%b 91.0%b 89.8%b

Continuousbcatalytichgas-liquidblurryb stirredbtankbreactorb
Hydrogenationbofbanilinebtobcyclohexylamineb(supportedbnickelbcatalyst)i GovinaraobandbMurthybl 975;bRamachandranbandb
Chaudharibl983)b

Conversionb

ReaCatb
99db

Literatureb
Reactorbvolumeb 98Hb
(46%bconversionbofbAnilinb)b

Semi-batchbcatalyticbgas-liquidblurryb stirreditankbreactorb
Butynediolbyntheshs bybtthebreactionbofbgaseousbacetylenebwithbaqueoustformaldehydehib thebpresencebofbcopperbacetylideb
catalysbs(Kalebetbal.b1981)b
Experimentalb ReaCatb(1)b
Conversionb 62%b 61.0%b
(1)bAdsorptionbatbcatalystbsurfacehisttakinghintobaccoutt  bytthebprogramb
(2)tNobadsorptionbeffectsb

ReaCatbh(2)b
68.5%b
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REACTION
' Gas Homogeneous
v Liguid Homogeneous

LCatalytic Gas
LCatalytic Liguid

Gas-Liquid

Catalytic Gas-Liquid

Fig.82.S Reactionbphasebmenub

REACER TYPE
| v Plug Flow
CS5TR
Batch

Fig.$3.S Reactorbtypebmenub

suspended-beds.bThebcatalyticbeffectivenbsstfactorbinbus-b
pended-bedsbwab foundbto bebmuchthighertthanbthattforb
fixed-bedst(0.799kcomparedbwitht).13lntixed-beds)bduetiob
finebcatalystbparticles.bBI'hebconversionbprofilestforttheb
three-phasetfluidized-bedband bub lebslurrybreactorthadb
valueb thatbverebverytsimilar.bT helconversiontintthelthree-b
phasebfluidized-bedbwasthigher byt9%hthantthathinbthe
bub lebslurrybreactortatiengtht500bcm.bHowever,btheb
conversionbprofilebfortthebCSTRbslurrytreactorbwasbmuchb
higherbthanbinbotherbsuspended-beds.bl'hebconversionbofb
ethanolintCSTRbslurrybvastb2%thighertthantintthe bub leb
lurry- bedbandtB7%thighertthanhintthebthree-phasetflui-b
dized-bedbatHengthbt00bcm.bIrhethighbconversiontinttheb
CSTRbslurrytreactorbcan bebexplained bytthebmuchthigherb
masshtransferbeoefficientsbduebtotthebmechankbcalbagitationb
astseentinbl'ablebl 3.BTheblCSTRIslurrytreactortgavelthe bestb
ethanolbconbersionbamongbthebsuspended-beds,bwhilebthe
bub lebfixed-bedbgavetthe bestbconbersiontforbthetfixed-
beds.b

Reaction 1
Reaction 2
Reachon 3
Reaction 4
Reaction 5
Reaction B
Reaction 7
Reacton B

Reaction §
Raaction 10 l:l I:] l:l

For sach reaction: use - ' for rsactants and* + " for
product companents
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Fig.$4.S Reactionbtoichiometryb inputb
creenb
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0.025¢
A
0.020+ *
00154 B
U.EHEI-\ fC
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J.R.:Hopper:et:al.: Design: of: multi-phase:and: atalytic: chemical:reactors:

TableS12.S Parametersbandboperationbconditionstforbtheboxidationbofbethanolb

Parameterborboperatingbconditionb

Catalysthparticlebdiameterb(cm)b

Fixed-bedsb(trickle-bedband bub letfixed-bed)=0.5b
Suspented-bedsb(slurrybandifluidized-beds)=0.05b

CatalystHoadh(g/cm’)b Fixed-beds=1.04b
Suspentled-beds=0.1b
Reactorbdiameterb(cm)b 20b
Gastflowbrateb(cm?/s)b 3140.0b
Liquidtﬂowtrateb(cm3/ s)b 62.8b
EthanolbconcentrationbinHiquid-phasbathinlett(mol/cm’)b 4x107*
Oxygeb concentratiob atbsaturationb(mol/cm®)b 4.2x1076 .
Molecularbdiffusivityb(cm®’s)b 4.7x107° 1oL
Effectivebdiffusivityt( cm®s)b 4.16x107°
Catalysthdensityb(g/cm®)b 1.2b

TableS13.S Masshtiransferbcoefficientsbandbeatalyticbeffectivenesstfactorb

Reactorb Catalyticbeffectivelessb G-Lbmasstiransferb ~ Liquidbphasebdispersionb L-Shmassttransferb
factorb coefficienth(1/s)b coefficientt(cms)b coefficienth(1/s)b

Trickle-bedb 0.13b 0.02b 0.3266b 0.0276b

Bub lelfixed-bedb 0.13b 0.144b 0.9977b 0.0408b

CSTRblurryb 0.799b 1.05-1.45b -b 1.14b

Bub leblurryb 0.799b 0.02677b 43.4b 0.0952b

Three-phasetfluidized-bedb 0.799b 0.252b 47.9b 0.1b

B REACTOR FLOWSHEET - [REACTOR PROCESS)

[lm]. (o] o] =leta] $1zkd &

i ‘b.ﬁ, Iy ",
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> b
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= T
FEED-2 @ ) ,m
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Fig.%.S Reactorbflow-sheetingb

Thishillustratiob oftthebuseboftthebimulationb packageb fixed-bed,bcatalytictluidized-bed,bgas-liquidbstirredbtank,b
fortthesebcalculationsbdemonstratestthebignificanbtbcapa-  trickle-bed,bthree-phasetfixed bub le-bed, bub leblurryb
bilitybtothandlebabverybcomplexbsetbofbequatiob inbabveryb column,bCSTRbslurry,tthree-phasetfluidized-bed.bBPower-b
effectivebandbtimebsavingbmanner.bOtherbexamplesbwhereb lawlreactionbratesborbthelLangmuir-Hinshelwoodbmodelsb
imulatiob resultb werebcomparedbagainstbexperimentalb  arehincluded.Hthisbequippedbwithbcorrelationbtobestimateb
datathavebhalso beenhllustratedb(Salehbl994).b thebexternalbmasshtransberbeffectsb(gas-liquidbandHiquid-b

solid)bandbdispersionbcoefficients.bEstimationbofbthebcata-b
ConclusionE lyticbeffectivenesstfactorbtobaccounttforbthebintra-particleb
Abmulti-phasbbcatalytictreactorbsimulatorthas beenbdevel-b resistancehisbalsobincluded.bsothermalbandbnon-isother-b
oped.bThebimulationb packagethasbmodelsttobdesignbtheb ~ mal/nbn-adiabaticbconditionsbwithbmulti-reactionbsystemsb
followinptreactorbtypes:bplughflow,bCSTR, batch,bcatalyticb withbuptto30treactionb andlB6bcomponbntstaretpermitted.b
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Conversion Profiles in Fixed Beds
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Fig.$7.S Conversionbofbethanolbinbthree-phasebfixed-bedsb

Conversion Profiles in Suspended-beds
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Fig.$8.S Conversionbofbethanoltinbthree-phasebuspended-bedsb

Reactorthydrodynamicsbsuchbasbpressurebdrop,bpowerb
consumptionfbcatalyb-wettibngbfactor,bandtflowbregimesb
maybalso bebpredicted.b
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