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ERRATTA

22. November 1999

Someresultsin Chapter2 wereunfortunatelyomittedin thefinal editing of the Chapter
Thereaderis referredto the paper‘Evaluationof DynamicModelsof Distillation Columns
with Emphasinthelnitial Responseby BerndWittgensandSigurdSkogestadpresented
at: DYCORD+'95, 7-9 Junel995,Helsingar Danmark(seeAppendixF). In sectionghree
to six of the paperandalso AppendixB and C of the thesis,methodsto determineopera-
tional parameterérom experimentarepresentedFurtherresultsconcerningheimportance
of linearizedtray hydraulicswhich wereomittedin thethesisaregiven.

In TableB.11,page201,the coeficientsof EquationB.53 are:

Procedurg m Ty | T3
D -11.44) 0.63| 1.0
D2R -24.17|1 0.73| 1.0
D2S -7.03|0.61|1.0




Abstract

Distillation is probablythe mostimportantunit operatiorin chemicaindustriesor thesepa-
rationof liquid mixturesinto pureproducts.In asinglebatchdistillation column,multicom-
ponentmixturescanbe separateahto a numberof productfractions,whereasn continuous
distillation a sequenc®f columnsis necessaryo performthe sametask. Batchdistillation
columnsoffer greaterflexibility with respecto variationsof feed mixtures,feed composi-
tion, relative volatilities and productspecification. However, batchdistillation columnsin
generalrequiremore enegy input comparedo a continuouddistillation column. A newly
developedbatchdistillation column, for the simultaneouseparatiorof a multicomponent
mixture might represent processwhich combinethe enegy consumptionof continuous
distillation andthe flexibility of conventionaldistillation.

In recentyearsresearclon the dynamicsof distillation columnwasfocusedon the de-
velopmentof modelssuitablefor dynamicsimulationof the compositiondynamics. The
purposeof researclwason e.g. theselectionof controlstructuresFew of thesemodelswere
verified experimentallyon distillation columns. A rigorousmodelbasedon first principles
of a stagedhigh purity continuoudistillation columnis presente@ndexperimentsareper
formedto verify themodel. Theimportanceof thetray hydraulicsto obtaingoodagreement
betweensimulationandexperimentis demonstratedi-urther analyticalexpressionsarede-
rivedfor hydraulictime constantdor the applicationin modelswith simplified liquid and
vapordynamics.

Over the last centuries,chemicalindustrieshasmore and more changedrom cornven-
tional batchcolumnsto continuousdistillation columns,becauseof the lower enepgy de-
mand.However, this trendis aboutto changeespeciallyin the productionof fine chemicals
or pharmaceuticalsrherebatchdistillation is recentlybecomingmoreimportant. The pro-
ductionof fine chemicalgs characterizethy smallamountsof productandfrequentchanges
with respecto feedstockand productspecifications.With this renaved interest,investiga-
tionsontheoperationof batchdistillation processeareneededr alternatvely, nev column
configurationshouldbe considered.

The newly developedmultivesselbatchdistillation columnconsistsof a reboiler inter-
mediatevesselsandacondensevessebhndprovidesageneralizatiorof previously proposed
batchdistillation schemes.The total reflux operationof the multivesselbatchdistillation
columnwas presentedecently a simple feedbackcontrol structurebasedon temperature
measurementsasbeendeveloped. The feasibility of this stratgy is demonstratety sim-
ulationsandverified on a laboratoryscalemultivesselcolumn. The experimentsshow very
goodagreementvith the simulationsandconfirmthatthe multivessecolumncanbeeasily
operatedvith simpletemperatureontrollers.A simpleprocedurdo determinethe setpoint
of thetemperatureontrolleris presente@ndshaow thatfinal productcompositionsareinde-
pendenbnthefeedcomposition.

The multivesselbatchdistillation columnis comparedo a corventionalbatchcolumn,
bothoperatedinderfeedbackcontrol. It is foundthattheenegy consumptiorfor separation
of a multicomponenmixturesinto high purity productrequiresconsiderablyessenegy in
a multivessekolumncomparedo a corventionalbatchdistillation column. Besideghere-
ductionin enegy consumptiorthemuchsimpleroperatiornof thenew columnis established.
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Chapter 1
Intr oduction and Literatur e Review

Abstract

This chaptergive a brief descriptionof the two types of distilla-

tion columnsconsideredn this thesis. The remainderof this chapter
is devided into two major parts; first an overview of the literature
concerningnodelingof theinitial responsef distillation columns,the
secondpartis focusedon the control of a newly developeddistillation

arrangementthe multivesselbatchdistillation column. The introduc-
tory chapterconcludeswith a descriptionof the following chaptersof

thethesis.

1.1 Motivation

Distillation is an essentialinit operationin chemicalindustries,e.g. for the purification of
final productsor for the recovery of componentslueto environmentalaspectsThedistilla-
tion of chemicalmixturescanbe performedbothby meanf batchor continuousoperation.
A schematiof acontinuoudistillation columnincludinga controlstructureis shovn to the
left in Figure1.1. A generalizedatchdistillation column (further calledmultivessebatch
distillation column)with a feedbaclkcontrol structureis shavn to theright of Figure1.1.
During the lastdecadesthe academiaesearclcommunityhave focusedtheir actwities
moreon the enegy consumptiorof the processuy improving the operationof this process
in generalandits design. In the chemicalindustriesdistillation columnsare high enegy
consumersvith up to 40 % of thetotal enegy consumptiorof the plant.
Continuoudistillation columnsareusedfor the separatiorof bulk chemicalsvherehigh
througputandfew feedor productchangesare expected. The designof the processeson-
cernsratheroftenonefeedmixturewhichis aboutto be seperatedheunit is thanoptimized
with respectto productvity and enegy consumption. Batch distillation with its inherent
flexibility becomesncreasinglyimportantin the productionof fine chemicalsandpharma-
ceuticals,whereproductis characterisedy small amountsand high addedvalue. Batch
distillation is ableto recover a numberof differentproductsfrom onemulticomponentfeed
chage,awide rangeof feedcompositionsandrelative volatilites canbe handledn onesin-
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gle column. In a corventionalbatchdistillation, onecomponentt atime is separatedrom
themixturewhenmulticomponenmixturesareseparatedGenerallybatchdistillationis ap-
pliedfor low throughpubperationsvherethehighercapitalcostsof acontinuoudistillation
unit arenotjustified.

A generalizatiorof the corventionalbatchdistillation columnis the multivesselbatch
distillation column,in it’s mostflexible form, a superstructuréor batchdistillation columns
with anenegy consumptiorcomparabléo a continuoudistillation for a givenseparation.

Figurel.l: Flowsheebf acontinuougleft) andmulti vessebatchdistillation column(right)

Although distillation is one of the mostintensiely studiedprocessesn the chemical
industry still it representaninterestingfield for research:

e Theacademiaesearchn distillationis primarily directedtowardsthe optimizationof
the operationandthe processtself. Further dynamicstudiesareperformedconcern-
ing the control of this processwhich is characterizedy excessve controlinteraction
of the manipulatedvariables. For this purposemodelsof differentcompleity are
developedandappliedwith satishctoryaccurag for simulationstudies bothwith re-
spectto the dynamicandsteadystatebehaior of the process However, few of these
modelsarevalidatedexperimentallyon distillation plants.

e Batchdistillation is probablythe “oldest” unit operationin chemicalindustries. The
operationpolicy of industrialinstallationsis not fundamentallydifferentfrom labo-
ratory equipmentwhich meanghat rathersimple operationpoliciesareapplied. In-
creasingdemandor efficiency, bothwith respecto enegy consumptiorandproduct



1.2. Distillation dynamicsand modeling 5

recovery, opensfor researcifocusedon new operationpolicies. Further the combi-
nation of several units to somekind of “superstructure’'which combinesflexibility
with respecto feedmixtures,easeof operatiorandreducedenegy consumptions an
importantresearclarea.

1.2 Distillation dynamicsand modeling

Review articlesin the areaof distillation columndynamicsandcontrol are publishedquite
frequentlyandgivearathergoodinsightin ongoingreasearchEarly articlesconsidemainly
steadystateoperationof distillation columns,the introductionof digital computingenable
the investigationof the dynamicsin the erarly 1950s. The pioneeringwork in distillation
dynamicsis reviewed in the work by Rosenbrok1962). The book by Rademakr (1975)
includesa detailedinvestigationon the materialand enegy balanceof stageddistillation
column,furtherthe influenceof the flow dynamicson the compositiondynamicsis consid-
ered. Reviews on dynamicsandcontrol were publishedby Tolliver and Waggoner(1980),
McAvoy andWang(1986)andSkogestaq1997).Practicalrecommandationr the control
of distillation columnsare publishedby Shinsley (1984) and Luyben (1992) considering
dualcompositioncontrol,includingtheissueof controlconfigurationselection.

Thereis acontinuousdevelopmenbf rigorousmodelsof distillation columnsfor process
controlanddynamicstudies.Neverthelessfew of thesemodelssolvethematerialandenepgy
balanceon eachplate usingmodelswhich incorporateplate hydraulicsandthe downcomer
dynamic.Further the performancef the procesanseldombe predictedoy modelswhich
excludefluid hydraulicsandchangeof physicalproperties.

However, theapplicationof highly complex modelsfor controlstudiess notalwaysnec-
essary The existenceof a rigorousmodel of the systemenableshe study of the relative
importanceof differentfeaturesandcanverify simplificationsof simplifiedmodels.Theob-
jective of amodelis to describea dynamicsystemaspreciseasnecessargndthe compleity
of themodelconsidereds stronglydependenbntheintendeduseof themodel. Modelswith
neglectedtray hydraulicsare sufficient for the steadystateoptimizationof an entire plant,
while they areinsufficientin the selectionprocessf a new controlsystem.

For the development,validation and verification of a control system,the modelhasto
representhe initial responseof a given unit to stepchangesf the manipulatedvariables
or disturbancegorrectly sincethe control systemis supposedo limit deviationsfrom the
intendedpoint of operation. Further the processof modelinghasto considerthe design
dataof a particulartray, the operationpoint of the plantandwill oftenencountethe useof
empirical functionsto describesomephenomena.Correctmodelingof e.g. the hydraulic
time constantof the liquid flow is importantin this respect. The liquid lag over a staged
columndecoupleghe compositionrespons®f the column,whichis from a control point of
view anadwantagesinceit opensfor somavhatslower compositionmeasurements.

Low orderdynamicmodelscanbeusedfor severalpurposesfor examplefor thederiva-
tion of analyticalexpressiongo gaindeepelinsightinto the dynamicbehaior of a process.
Further low ordermodelcanbe appliedfor simulationandcontrollerdesign.However, the
derivationof low ordermodelsfrom rigorousmodelsby combiningsub-modelgonefor the
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dominantcompositionrdynamicspnefor theholdups)mayresultin inconsistantnodels.Ja-
cobseretal. (1991)suggestetb derive low orderlinearmodelsfrom (numerical)linearizing
thenonlinearrigorousmodelcombinedwith subsequennodelreduction.

1.2.1 RigorousModels

Modelsareoftenclassifiedas“rigorous” or “simplified” models.Rigorousmodelsfor equi-
librium stagesconsistof massand enegy balancewhich include somekind of flow and
pressuredynamicaswell asthe thermodynamiaelations. The flow dynamicdescribethe
changesn liquid holdupon a stagebecaus®f variationsin liquid andvaporflow, while the
pressuralynamicprimary influencethe vaporholdupon a stage.Consideringhe stagede-
sign(seeFigurel.2) of acolumntheliquid holduphas(sometimesjo besplitinto liquid on
the tray anddowncomerwhich resultin twice asmuchstatesper stage.Neverthelesseven
in the mostrigorousmodel certainsimplificationsas thermaland mechanicalkequilibrium
or assumptiorof perfectmixing in the phasesare introduced. The thermodynamiequi-
librium (vaporliquid equilibrium) canbe correctedoy introducinga simple Murphreetray
efficiengy for eachcomponentCommonly the effect of heatlossedo the surroundingsand
thedynamicof the columnstructurearengglected.

AVi Yi

control volume

vapor

liquid

Li+1
Xi+1 X

T
Vi1 i1

" Ljx;

|

Figurel.2: Controlvolumeon astage

Assumptiondor anequilibriumbasedstagemodel:
Al perfectmixing in bothliquid andvaporphase
A2 thermodynami@ndmechanicakquilibrium (assumel00% tray efficiency)
A3 neglectheatlossandthermalcapacityof columnstructure

A4 consideronly normaloperation(e.g. no flooding, weeping)
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AssumptionsA3 andA4 canberemovedeasilyby extendingthe model.
Thedifferential-algebraicystemof equationgo describea “staged”distillation column
(seeFigurel.2)basedna UV-flash,consistof the component-madsalance:

dM;
dt

= Liy1- i1 — Li - 13
+Vie1j - Yie15 — Vi Vi (1.1)

whereM; = M, ; + M, ; with M; ; ascomponenholdupof componeny onstagei. Thisare
N, — 1 independentomponenbalancesince M; = Zf.VC M, ;. M,; representshe entire
liquid holdup (tray and downcomer)and 27, ; the molar holdup of the vaporphase.Both
liquid andvapor phaseare subjectedo somedynamicsbecauseof changesn liquid and
vaporflow (flow dynamicsseeEquationsl.3andl1.4).

Theenepgy balanceoverthestage

dt

with U; = My; - (hi; — p/pi) + My - (hoi — p/po). Theflow dynamicsof theliquid leav-

ing thetray anddowncomerare describedyy algebraicandempiricalequationsvhich link
hydraulicandstagedesigndeterminedy

=Lit1 -l — L -hyi + Vi - hyio1 — Vi hyy (1.2)

Li = f(My;, Vs, Aps, geometry) (1.3)
andthevapordynamic
Vi = f(My,;, Vi, Api, geometry) (1.4)

Thesecorrelationsconsiderthe designof a stageand canbe found in e.g. Bennettet
al. (1983),Lockett (1986), Rademakr etal. (1975),or Stichlmair(1978). Additionally,
thermodynamicelationsto describeheflashrelation(VLE) givenby

(Uia ‘/;'b MZ) — (:Ei; Yi, n7pi7 hl,i7 hv,i: Ml,i7 Mv,i) (15)

betweeniquid andvaporphasearenecessary

Giventheabove assumptiorandtheconstanstagevolumeimpliesthata UV-flashhasto
besolved. Thedefinitionof aUV-flashis: Giventheinternalenegy U, volumeof astageV;;
andthecomponenholduplV/; ;, aflashcalculationis performedcomputingtheratio of vapor
andliquid onthestage(M;; M, ; or phasesplit), compositionof vaporandliquid phase(z;
andy;), aswell aspressurep andtemperaturél’. In arecentreview paperon distillation
(Skogestad1997)arealmostno referencesistedwhich applythis approachPapersby Gani
etal. (1990)on designansimulationof complex chemicalprocessandFlatbyetal. (1994)
seamgo betheexception.

An alternatve modelby Retzbach{1986),proposearatebasednassransfercorrelation
betweerphasesincluding hydraulicandpressuredrop correlations.The rigorousmodel of
Retzbachs primarily developedfor the nonlinearsimulationof a multi-componentnixture
in adistillation columnwith sidestripper Thetray hydraulicmodelsappliedareextensvely
describedy Stichlmair(1978),simplificationsareintroducedto simplify for applicationof
themodelin a controlstructuresynthesis.
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1.2.2 Simplified models

Solvinga dynamicdistillation columnwith athatcomplicatednodel(seeoutlinein section
1.2.1)oftenrequiresa considerabl@mountof bothtime andresourcegcomputempower)to
solve the setof differential-algebraiequations.

Neglectingthe vapor holdup
Themostcommonsimplificationis to neglectthevaporholdup(My,; = 0), whichis valid for
moderatepressurgl - 10 Mpa) distillation, neverthelesgor applicationswerethe (molar)
vapor holdup exceed20 %, Choeand Luyben (1987) recommendhat the vapor phaseis
includedin massandenengy balance.

The assumptiorthat the vapor phasecan be neglectedresultin someavhat unrealistic
responsesf the modelto a stepin vaporflow. The vaporflow changewill propagatam-
mediatelythroughthe column,thisis a stepin the flow leaving thereboilerwill changethe
vaporflow atthe uppermosstageinstantaneous.

Simplifiedmodelsin theabove describednannerfor nonlinearsimulationsof distillation
columnsaredevelopedby e.g. Ruizetal. (1986)andGanietal. (1986). Thework of Gani
etal. (1986)is focusedon the developmentof a generaldynamic modelincluding tray
hydraulics,heattransfey vaporliquid equilibrium andpredictionof the physicalproperties
whichis numericallyrobust. The mostimportantmodelingassumptiorwerethe neglection
of the vapor holdup and that reboiler and condenser/accumulatare representedhrough
their componenimass-balancesThesemodelshave beenusedprimary for the simulation
of the open-andclosed-loopresponsef distillation columns,investigationof start-upand
shut-davn proceduresindthe verificationof platehydraulicdesign.

The enegy and massbalanceover a stageare similar to thesepresentedn Equations
1.1and1.2, exceptfor whereM; = M, andU; = M,; - h;; sincethe vaporphaseis ne-
glected.Theliquid hydraulicis givenin equationl.3. Thethermodynamidlashcalculation
performedis a bubble point flashwith known componentholdup A; ; and specificliquid
enthaly h;; oneachstage.

(Uia ‘/ts‘ta MZ) — (xi; Yi, Eapia hl,’ia h’U,iﬂ Ml,i7 M’U,i) (16)

Commonlyusedis the assumptiorof constantpressureandnegligible vaporholdupin
a distillation columns,becauseressuras tightly controlledin mostapplicationssuchthat
assumingonstanpressureseamgeasonable.

Simplified energy balance
A commonassumptions the approximatiorof u; =~ h;; in casesvherethe vaporholdupis
neglected.Theenegy balancegivenin equationl.2is reducedo

dU; — dM; - hy; dhy ; dM;
— = M, 2 i — 1.7
dt dt g T g (L.7)
combiningEquationl.7 with the massbalanceon a stage(seeEquationl.1) resultsin

dhy
M- S
B

= Lit1 - (hyivr — hug) + Vier - (hoicr — hui) + Vi (b — ho i) (1.8)
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This simplificationwill bereasonableorrectevenfor moreextensve holdupchangessince
thetermdM; /dt is consideredn theenegy balancegseeEqg. 1.7).

Furthersimplificationof the enegy balanceis achieved by assummingih,/dt ~ 0 and
constantiquid enthaly on all stagesh;; = h;. This assumptiorcanbe usedby definition
of the correctreferencestate,which shouldbe the pure componentas saturatediquid at
a given referencepressure.Applying this definition give different referencetemperatures
(component$oiling pointsate.g. columnpressure).

dhy;
dt

M; - =0="Vi.1- (hpic1 — i) + Vi- (hii — hoyi) (1.9)
from this algebraicenegy balancethevaporflow leaving a stagecanbe computedor cases
wherethe heatof vaporizationof the componentss considerablydifferentat the column
pressure.

1.2.3 Constantmolar flow model

For similar heatof vaporizationof thecomponentandtheabove definedreferencestateghe
equimolarflow assumptiortanbederived,suchthattheenegy balances finally reducedo

Vin =V (1-10)

Thevaporflow overtheentirecolumnis constantexceptat placesvherevaporis introduced
or withdrawvn from the column. Finally, the massbalancds reducedo

dM;

T Liv1—L; (1.11)

The componentbalanceis identicalto Equation1.1. Dynamically the tray holdup M;;
variessuchthatthe liquid flow over the columnis not constant.The liquid dynamiccanbe
describedby meansof a linearizedtray hydraulic(seeEqg. 1.12)to modeleffectsof liquid
andvaporflow change®nthe overall compositiorresponse.

In somecasesan enegy balanceasgivenin equationl.10will give areasonablenodel
in casesvherethe heatof vaporizationof the componentaresimilar. In the oppositecase,
theinternalflow will affectthecompositiorthroughthecompositiormaterialbalancewhile
the compositionsaffect theflow throughthe enegy balance.

1.2.4 Simplification of the liquid dynamics

Detailsontheflow dynamicsfor trayeddistillation columnsarepublishedby Rademakr et
al. (1975). For modelsutilized for the developmentof ane.g. feedbackcontrol systemof a
distillation columna linearizedtray hydraulicsis often suitable.Linearizedtray hydraulics
arepresentedby Rademakr etal. (1975)andSkogestad1988)

1
AL; = MV, + —AM,; (1.12)
Tl
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The coeficient A representhe vaporconstantthe initial effect of a vaporflow changeon
the liquid flow and7; is the liquid hydraulictime constant. If we assumeconstantmolar
flows, the massand”eneigy” balanceshovn in Equationsl.10and1.11arevalid andthe
flow dynamicsis decoupledrom the compositiondynamic. Laplacetransformatiorof the
massbalancel.11l andrepeateccombinationwith equationl.12 (Rademakr etal. 1975)
give for disturbance reflux flow A L andvaporflow AVg

1
1+ Tl,T)NT . (1 + Tl,B)NB

9= (1.14)

wherer, ~ 0., /N.

With Ny and Nz asthenumberof stagesn therectifierandstrippersectionrespectiely.
Thevaporconstant\ andtheliquid hydraulictime constant; aredependenon the column
loading,suchthatin generalthey aredifferentfor theindividual sections.A moredetailed
discussioron the hydraulicsof a distillation columnis givenin chapter2.

1.3 Continuous Distillation

Theliteratureon continuoudistillationis extensve,soanindepthreview ondistillation will
notbegivenin thisthesis thefocuswill be onaspect®f modelinganddynamicsamportant
for compositioncontrolof continuoudistillation.

The dynamicsand control of distillation columnsinvolves a multitude of issues. The
modelingprocesof a distillation columninvolvesthe choiceof a suitablemodelstructure
whichdescribdaheinvestigatedystensufficentlywell for a certainpurposeg.g. modelused
in investigationgoncerninghecontrolof adistillation unit shouldconsideitheflow dynam-
ics. Firstprinciplemodelswill beusedfor thecompositiordynamicsgempiricalcorrelations,
consideringhe designdataof a unit, areoftenappliedto take careof flow dynamics.

Theidentificationof modelparameterandthe verificationof modelsfrom availableop-
erationanddesigndatarequirean iterationbetweermodeling,simulationand experiment.
Determinationof model parameterdasedon simple experimentswhich canbe performed
duringnormaloperatiorof adistillationcolumnwill simplfy thisprocessThesexperiments
includee.g. traditionalstepresponsanalysiswereonemanipulatedrariableis steppedat a
time, tracerinjection at the top to determinethe liquid holdupandpressuredrop measure-
mentsoverthe columnsections.

Basedon a rigorousmodel,which is validatedon experimentaldata,modelsimplifica-
tionscanbeintroducedandtheirinfluenceon thecompositiorresponsevill beinvestigated.
Thehydraulicsof theliquid andvaporflow couldbelinearizedto achiese low ordermodels,
which lateraid asa basisfor the selectionof controllertypesandstructure.In thethesis the
inital responsef a distillation columnto changesn manipulatedvariableswill be investi-
gated.
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1.3.1 Initial responsen Continuousdistillation columns

Detailedknowledgeof theinitial responsef adistillation columnis necessarjor thedesign
of a controlsystem.The fastrespons®f a control systemrely on theinitial behaior of the
processFor automaticontrolthegainfrom aninitial steadystateto afinal steadystateis not
thatimportantcomparedo theshapeof theinitial responsesincedeviationsfrom thesteady
state(set point) are never allowed to becometo extensve. Severe control limitations are
encounteredior responsesvhich have aninitial inverseresponsein thesecaseghe control
systemhasto “wait” until theresponsehangedglirectiontowardsthe new steadystate.

Thetransientesponsandtheirmodelingwasthetopic of anextensveresearclprogram
by Baberetal. (1961),they investigatedheresponsesf afive tray strippingcolumnto step
disturbances.Baberet al. (1961, 1962) done experimentson feed compositionchanges,
vaporandliquid flow stepchangesandinvestigatethe influenceof the liquid holdupon the
stageon the compositionrespons®f the column.

DuringthemodellingphaseBaberetal. (1961)foundthattheliquid holdupin thedown-
comercouldnot be neglected to keepthe modelsimplethey combinedtheliquid holdupof
tray anddowncomer Baberet al. (1962)reportanerrorin theinitial reponseof up to 32
% of theinitial time constanivhenthe downcomerholdupis neglected.Furtheron reboiler
holdup dependentray responsesverereported(Baber 1962). Overall they concludethat
the relative simple linearizedmodelfrom Lamb et al. (1961) may be usedto characterize
the transientbehaior of the investigatedoilot plant. Sprouland Gerster(1963) continued
theresearclandfocuson theinitial responseandacceptthe obsened steadystateerror as
acceptable.

In the paperby Wittgenset al. (1995)a pilot plantdistillation columnis modelled.The
model,basedn first principleswastunedto describeheinital responsef the unit. Similar
researchvaspresentedby Betlemetal. (1998)presenting@ninvestigatiorof theinfluenceof
thetray hydraulicson the dynamicsof a trayedcolumn. Theresultingdynamicbehaior of
astagedistillation columnis investigatedy linearizingtherigoroustray model,especially
theinfluenceof changesn the vaporflow onthe columndynamicss considered.

1.3.2 Experimental determination of operational parameters

Experimentabdeterminatiorof theinitial responsesf a pilot plantdo not necessarjeadto
generalcorrelationsof the transientbehaior of distillation columns. This limited general-
izationof theresultss dueto thelimited rangeof operationatonditionsandliquid andvapor
holdupin agivensystem A furtherlimitation is theinfluenceof auxiliary equipmensuchas
accumulatarcondenseandreboiler which influencethe initial responsef the overall sys-
temsignificantly Neverthelessye candeterminethe mostimportanthydraulicparameters
andtheinterior designaswell astheirinfluenceon the dynamicsof a givensystem.Results
from a pilot plantcangive insightinto the modelingof the systemby a setof differential
algebraicequationscombinationwith empiricalrelationsgive anindicationsto performthe
fitting of parameterso matchthe obsenedresponseascloseasnecessaryor a giventask.
Further we gaininsightin the necessargtructureof a modelandwhich operationaland
designparametersleterminghehydraulics.
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From an experimentalpoint of view several differenttypesof measurementare avail-
able. The operationof distillation units, both continuousandbatchwise,depend®nthere-
liability andavailability of measurement®r the materialbalancgflow, level andpressure)
and compositionbalance(compositionby gaschromatograplor estimatedrom tempera-
ture). The measuremertdf pressureandlevel canbe performedby e.g. differentialpressure
sensorgShinsley, 1984andBuckley etal. 1985),liquid flowsaremeasuredy variablearea
flow sensorandtemperatureby thermocouples.

Measuringthe compositionof productflows is a morecomplicatedprocessa selection
of measuremerdevicesis presentedby e.g. Rademakretal. (1975). Thesencludeboiling
andflashpointanalyzersrefractve index, ultraviolett andinfraredlight analyzersandmass
spectrometersThemostcommonon-lineinstrumenin industriess thegaschromatograph.
Numerousoperationalifficulties characterizeheseinstrumentsKister (1990) mentionthe
following problemsfor gaschromatographssamplingandsampletime, frequentrecalibra-
tion, plugging of samplinglines and sensitvity of the sensorto impurities. Theserequire
intensve maintenancef the analyzerandincreasehe operationcosts. Samplingtime of a
gaschromatograpleanbein therangeof 10- 30 minutesandgiveriseto severecontrollim-
itations. The long samplingtime is causedy time consuminganalysisandtransportdelay
from the procesgo theanalyzer Temperaturegneasurementlongthe columnhave proven
to be areliable,fast,easyto maintainandcheapsensottype. The continuousrecordingof
temperaturensidea columnanda suitableestimationproceduregive a goodindicationfor
productcompositionchangegMejdell, 1991).

1.4 Batch Distillation

In batchdistillation the focusis on the operationandimplementatiorof a newly developed
multivesselbatchdistillation unit. This processenablethe separatiorof a multicomponent
mixturein onesingleunit. Thedesignof the processs anextendedcombinationof corven-
tional, invertedandmiddlevessebatchdistillation column. Thereis notthatmuchliterature
in this particulararea,neverthelesextensve researchs doneon the operationof cornven-
tional batchdistillation columns.Someof theseresearclactvities focusonthe optimization
of thereflux flow to the columnto eitherkeepthetop productcompositionconstantr mini-
mize enegy consumption.

Themultivessebatchdistillationis usefulfor theseparatiof multicomponentnixtures
frequentlyfound in the chemicalprocessndustries. The regenerationof multicomponent
mixturesof solventis only oneexamplefor the utilization of this new process Splitting the
mixture into pure componentsllow the recirculationof solventsevento processesvhich
requireanaccuratequailty controlof thefeedstockn e.g. the productionof pharmaceuticals.

Although batchdistillation generallyis lessenepy efficientthancontinuoudistillation,
it hasrecevedincreasedttentionin thelastfew yearsbecaus®f its simplicity of operation,
flexibility andlower capitalcost.For mary yearsacademicesearcton batchdistillationwas
focusedorimarily onoptimizingthereflux policy (SerenseandSkogestad1994).However,
in mostcaseghe differenceto the simple-mindedtonstanteflux policy usuallyis small. In
practice,otherissuesare usually more important, suchasthe regycling of off-specprod-
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ucts,separatiorof azeotropianixturesandpressureswingoperation.More recently onehas
startedre-examiningthe operatiorof batchdistillation asawhole. For example for mixtures
with a smallamountof light componenta cyclic operationrwherethe operationis switched
betweentotal reflux operationanddumpingthe product(i.e. the condenseholdupis intro-
ducedasan additionaldegreeof freedom)may be better(Sgrenserand Skogestad1994).
The total reflux operationof a distillation columnsolve a given separatiorproblemwith a
unit which consistsof a minimum numberof stages.The distancebetweenoperationline
andvaporliquid equilibriumline determinesiow easythe separations or how mary stages
arenecessaryor agivenseparationwith agivenreflux (Perry1984). Thelargerthedistance
betweeroperationline andvaporliquid equilibriumin aMcCabe-Thielaliagramthe easier
is theseparatiorof two componentsThetotal reflux operations from theviewpoint of sep-
arationefficiency the mostefficient operationmodeof a distillation column. Traditionally,
this operationpolicy doesnot provide ary product,sincewe recirculateall of thecondensed
vaporto the columnandno productis withdravn (Coulsonet al. 1985). Neverthelessap-
plying theabove describectyclic operatiorpolicy (Sarensenl994)batchwisewithdravl of
aproductis possible.

1.4.1 Conventional batch column

In corventionalbatchdistillation columns,a multicomponentmixture is separatedy re-
moving onecomponengt atime, eitherthe mostvolatile is dravn over top (Figure 1.3) or
alternatvely the leastvolatile componenis removed first throughthe bottoms(SeeFigure
1.4). Themostcommonoperationpolicy of a corventionalbatchdistillation columnis per
formedwith constanteflux, frequentlyoptimalreflux policiesto reduceenegy consumption
andtotal batchtime areemployed, too.

Morerecently onehasstartedre-examiningtheoperatiorof batchdistillationasawhole.
The total reflux operationof a corventionalbatchdistillation (or batchrectifier) was sug-
gestedndependentlyby Bortolini and Guarise(1970)and Treybal (1970). Treybal writes
thathefirst learnedaboutthe techniquefrom Gustisonin 1958,and“hasfoundit mostuse-
ful” andthatit “practically runsthedistillation by itself”. For mixtureswith a smallamount
of impurities, Sgrenserand Skogestad1994) suggest cyclic operationprocedurewhich
is an extensionof the procedureproposedby Treybal (1970). The operationis switched
betweentotal reflux operationanddumpingthe productinto separatgroducttanks(Figure
1.3),for this configuratiornthe condensefor morecorrectaccumulatorholdupis introduced
asanadditionaldegreeof freedom. The simplestoperationstrateyy is with only onecycle,
thatis, the columnis operatedundertotal reflux andthe final productsare collectedin the
condensedrumandin the reboiler The productsareaccumulatedn accumulatorandre-
boiler, andremoved whenboth the desiredproductspecificationsare achieved (Figure 1.3
with D = 0). By introducinga variableaccumulatoholdupwe enablethe accumulatiorof
productandcanwithdraw the productfrequentlyby dumpingtheaccumulato(Sgrenseand
Skogestad1994andNodaetal. 1999). Compositioncontrolof this configurationis enabled
by e.g. controllingatemperaturésecondaryneasurementh the columnsectionandlet the
holdupin thereboilerandaccumulatofloat.

Another alternatve for this type of mixture is to "invert” the column by chaging the
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feedto thetop andremoving a heavy productin the bottom(RobinsonandGilliland, 1950;
SgrenseandSkogestad1995). This configurationis shavn in Figurel.4andis oftencalled
batchstripper Investigationsdhy Sgrenserand Skogestad(1995) shaoved that an inverted
columnis moreeconomiqueo operatecomparedo acornventionalbatchdistillation column
for mixturescontainingonly a smallamountof light component.
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Figure 1.3: Corventionalbatchdistillation, Figure 1.4: Inverted batch distillation col-
feedchagedto thereboiler umn,feedchagedto theaccumulator

1.4.2 Heatintegrated batch columns

The effectivenessof batchdistillation columnsoperatedundertotal reflux canbe increased
by heatintegrationof several batchcolumns,wherethe condensepf one columnis inter-
connectedo thereboilerof the next column(seeFigure1.5). This columninterconnection
is usedto minimizeenegy consumptionbut requireghatasufiicienttemperaturelifference
in theintermediaténeatexchangergcondenser/reboilerombination)existsandis appliedin
separationsverethe chemicalshave differentproperitesor shouldnot getin contactto each
othet

This schemecan be simplified considerablyby combiningthe columnssuchthat va-
por/liquid from onecolumnis fed directly to thenext column. Thisis facilitatedby replacing
theintermediatecondenseandreboilerin Figure 1.5 by anintermediatevessewereliquid
andvaporarein directcontactwhich enablegheefficient useof thelatentheatof thevapot
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1.4.3 Middle VesselColumn

Combiningthe previous presentedchemesgorventionalandinvertedbatchdistillation col-
umnandthe heatintegratedbatchdistillation columnsleadto the designof a middle vessel
column(seeFigure1.6). This type of columnconsistsof a strippingandrectifying section,
suchthatproductsbothfrom thetop andbottomcanbewithdrawn; thefeedis chagedto the
middle of the column(Bortolini and Guarise,1970). For binary separationstwo operation
proceduresrepossible First,afrequentrechaging of themiddlevessekeeptheconcentra-
tion in themiddle vesseklmostconstan{rathercloseto an continuoudistillation column).
Secondthemiddlevessels filled in thebeginningandthe operationis terminatedvhenthe
middlevessels empty(Baroloetal., 1996). Separatiorof aternarymixture wassuggested
by Hasebg1992),the mixtureis chagedto the middlevessebndalight andheavy fraction
arewithdravn simultaneouslyfrom the top andbottom, respectrely. The operationof the
systemis stoppedvhenthe desiredproductpurity in the middle vesseis achieved.
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Figure 1.5: Heatingtegratedbatchdistilla- Figure 1.6: Middle vesselbatchdistillation
tion column,feedchagesto reboilerandin- column,feedchageto the centertank
termediatéheatexchanger

1.4.4 Multiple-effect Batch Distillation System

A generalisatiorof the previous presentedolumntypesis a multivesselbatchdistillation
column proposedby Hasebeet al. (1995). They proposeda processhasedon total reflux
operationwhere one can separatanore thantwo componentsthey denotethis processa
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“multiple-effect batchdistillation system”(MEBAD, seeFigurel.7). The separatiorprod-
uctsareaccumulatedn vesselgplacedalongthe columnandtheir holdupsareintroducedas
additionaldegreesof freedom.

Thereareatleasttwo advantagesvith this multivessecolumncomparedo regularbatch
distillation wherethe productsaretakenoverthetop, oneatatime. First,onecanavoid off-
specproductsandregycling of these. Secondthe enegy requiremenimay be muchless
dueto the multi-effect natureof the operationwherethe heatrequiredfor the separations
suppliedonly to thereboilerandcoolingis doneonly atthetop. In fact,Hasebeetal. (1995)
shaw thatfor someseparationsvith mary componentshe enegy requiremeninay be less
thanfor continuoudistillationusing N — 1 columns.

Hasebeetal. (1995)proposeto controlthe multivessebatchdistillation columnby cal-
culatingin adwancethefinal holdupin eachvesselandthenusinga level control systemto
keepthe holdupin eachvessekonstantFor caseswherethe feedcompositionis notknown
exactly they proposeo, aftera certaintime, adjustthe holdupin eachvessebasedon com-
positionmeasurementsThis schemejnvolving the optimizationof the vesselholdupsand
their adjustmenbasedon compositionmeasuremenh thesevesselds rathercomplicated
to implementandrequiresanadvancedcontrolstructureto implementthe controllaw.
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Figurel.7: Multiple Effect BatchDistillation column

A possibleimplementatiorof the Multiple Effect BatchDistillation columnis showvn in
Figure 1.7 wherethe columnsare placedbesideseachothet this schemerequirespumps
to bring the reflux flow from a vesselto an adjacentcolumntop. A simplified versionof
a multiple effect distillation columnis shovn in Figure 1.8 wherethe columnsare stacled
on top of eachother the reflux flow out of the vesselds controlledby valvesand gravity
replacesthe pumpingaction. Neverthelessthis schemeis lessflexible thanthe scheme
presentedh Figurel.7. Theschemeroposedy Hasebas moreeasyto adapto separations
with changinghumberof componentanddifficulty (changdn relative volatilities) sincethe
refluxandvaporflow caneasilybereroutedthroughthe process.

1.4.5 Multi vesseBatch Distillation Column

All theabove describedperationpoliciesmayberealizedin amultivessebatchdistillation
columnwith both holdups, M;, and productflows, D;, asadditionaldegreesof freedom.
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A simplified flowsheetof the multivessebatchdistillation columnis shown in Figure 1.8.
The interconnectiorof vesselsand columnsectionsforms a superstructuref the columns
showvn in Figuresl.3to 1.7 andtheir operationstratgies. The previous presentedolumns
canbe syntheziedy changingthe vaporandliquid patheghroughthe systemge.g. vessels
canberemovedfrom the pathsuchthatliquid or vaporfrom onecolumnentersthe column
below/above directly.

VVV

Qp

With N, vesselsalong the column and
with given pressureand heatinput, this col-
umnhas2N, — 1 degreesof freedomfor op-
timization; namelythe N, — 1 holdups(e.g.,
controlledby the N, — 1 reflux streamsknd
the V. productrates.The simplestoperation
form of the proposedmultivesselcolumn,is
thetotal refluxopermation wherethe N, prod-
uctratesaresetto zero(D; = 0).

Comparedo themoretraditionalcolumn
configurationswherethe productsare with-
drawvn overthetop, oneatatime andtheuse
of off-cut fractionsto fulfill productquality
specificationsthere are at leasttwo adwan-
tageswith the multivesselcolumn. First, the
operations simplersinceno productchange-
oversarerequiredduringoperation.Second,
theenegy requiremenmaybemuchlessdue
to the multi-effect nature of the operation,
wherethe heatrequiredfor the separatioris
suppliedonly to the reboilerand cooling is
doneonly atthetop.

Hasebeetal. (1995)proposeo “control”
the total reflux operationof the multi-effect
batchdistillation columnby an optimization
of the vesselholdupsand their adjustment
basedon compositionmeasurement. The
here presentectontrol structureis basedon
theideato adjustthe reflux flow out of each
of theupperN, — 1 vesseldy controllingthe
temperatureat somelocationin the column
sectionbelow. Thereis no explicit level con-
trol, ratherthe holdup in eachvesselis ad-

Figure 1.8: Generalmultivesselbatchdistil- justedindirectly by varyingtherefluxflow to

lation column

meetthetemperaturepecifications.

Performingthe separatiorof a multi-componentmixture undertotal reflux individual
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componentwill accumulateaccordingto their boiling points alongthe column, provided
sufficient storagecapacity(e.g. by intermediatevesselsis availableanda non-azeotropic
mixture is separated Assumethat the numberof stagess large enoughin eachsection,a
pseudo-binargeparationakesplacebetweertwo adjacenvesselsBasednthecomposition-
temperatureelationSkogestacet al. (1997)proposea feedbackcontrol structurebasedon
N, — 1 temperaturecontrollers(seeFigure 4.1). The feasiblity of the proposedcontrol
structurewasverified by simulation.Initial experimentakesultsof the operationof the mul-
tivesselbatchdistillation columnwere presentedy Wittgenset al. (1997and1999). The
operationof themultivessebatchdistillation columnopendor somedegreesof freedomfor
optimizing of start-upandoperationtheseincludeinitial distribution of holdup (Skogestad
etal. 1997),setpointtemperatureandcontrollertunings(Furlongeetal. 1999).

1.5 Thesisoverview

The study presentedn this work is focusedon dynamicissuesin batchand continuous
distillation. Fromindustrialperspectie, the choiceof distillation processlependgprimarily
on the amountof feedto be processedptheraspectsncludethe complexity of the mixture
or if aflexible multi-purposefacility is required.In general continuoudistillation column
will bechoserfor separatindargefeedflows, corventionalbatchdistillationis usedin small
scaleproductionwereflexible unitsarerequiredto solve avarietyof separatiomproblemsn
onemulti-purposeplants.

Theintroductorychaptergave anoverview over distillation in general.The modelingof
the distillation processanddeterminatiorof parametersn a givenmodelwill be presented
in thefirst part of this thesisaccompaniedyy the experimentalverificationof a modelde-
velopedfor a continuousdistillation column. From a control point of view we will stress
theimportanceof theinital responseandmay acceptsteadystatedeviationswhenwe com-
paresimulatedandexperimentaldata. In the secondoartof the thesis,the newly developed
multivesselbatchdistillation columnwill be investigated. The total reflux operationpol-
icy anda new feedbackcontrol stratey for the multivesselbatchdistillation columnswill
be presentedollowed by the experimentalverification of the simulationstudy Finally the
presentedesultsarediscussedndthe conclusionsof this work aregiven.

All simulationstudiesareperformedn the SPEEDUR(1993)environment,the thermo-
dynamicpropertieof thecomponentarecomputedy meansf theASPENPropertieslus
packagg1988). For simplified modelswerea thermodynamigpackagevasnot necessary
simple correlationsbasedon experimentaldatawere used,e.g. constantrelative volatility
replacethevaporliquid equilibriumor alinearrelationbetweeriquid compositiorandtem-
peraturansteadof anequationof stateto computethetemperature.
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Chapter 2

Evaluation of Dynamic Models of
Distillation Columns
with Emphasisonthe Initial Response

BerndWittgensandSigurdSkogestad

Extendedversionof paperpresentedtthe symposium:
DYCORD+'95,7-9 Junel995,Helsingagr Danmark

Abstract

A rigorousmodelfor trayedhigh purity distillation basedon first prin-
ciplesis developped. The importanceof the tray hydraulicsto obtain
good agreemenbetweensimulationand experimentis demonstrated.
Analytical expressionsto derive the hydraulic time constantsr, 7,
and the vapor constant\ for modelswith simplified tray hydraulics
are presented. The validity of thesekey parameterss verified by
comparisorto experimentaldata. In the modelwe assumedhe liquid
exiting the tray is clear liquid. We find that it is very importantto
includethedowncomerdesign.

KeyWords Distillation dynamics;nitial time constant

2.1 Intr oduction

Simplified modelswhich simplify or neglecttray hydraulicsand enegy balanceare often
usedfor studiesof distillation columndynamicsandcontrol. However, the applicability of
suchsimple modelsfor this purposeis often questionedoy practioneers.This critique is
indeedreasonablasoneknowsthatthetray hydraulicsarecrucialin determiningtheinitial
dynamicresponsewhichis of key importanceor control.

The objectve of the paperis to derive modelsthat are as simple as possiblewhile at
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the sametime matchthe behaior of real columns. We considertwo kinds of models: 1)
Simplified modelswherethe tray hydraulicsis taken careby simple parametersuchasthe
hydraulictime constantr;, andthevaporconstant\; and2) Modelswith detaileddescription
of thetray hydraulics.

The mostimportantparametergérom an operationapoint of view arethe liquid holdup
M, the hydraulictime constantr;, the parameten for theinitial effect of achangen vapor
flow on liquid flow, the fraction of vaporon the tray and the pressuredrop. Thesekey
parametersnay be determinedfrom either 1) experiments,2) simulationor 3) estimated
from analyticalexpressiondasedn linearizingthe detailedmodelequationsOneproblem
is to getconsistentesultsfrom thedifferentmethods.

In this paperwe comparehe dynamicsof a laboratory-scaléigh purity distillation col-
umn with thoseof a rigorousand simplified dynamicprocesanodel. We find thata very
detailedmodelis neededo matchcloselythe responsesf the real experimentalcolumn.
Theobjective of theexperimentalwork wasto evaluatethetheoreticakimulationresultsand
gainfurtherinsightinto the compleity of therequiredmodel.

2.2 Modelling

Therigorousmodelhasa seperatenassandenegy balancefor holdupson tray anddown-
comer Theholdupon the stageis computedrom pressuralrop correlationsandthe geom-
etry. Thedowncomeris modelledasa mixing tank. The flashcalculationis performedasa
UV-flash.

For the secondmodelthe molar liquid holdup of the stageis the combinedholdup of
tray anddowncomey the vaporholdupis neglected. The tray hydraulicsis linearizedwith
one hydraulictime constantfor the liquid flow anda vaporconstanto describethe vapor
hydraulics. Sincethe flash calculationis reducedto a p,x-flash,pressuras not longerthe
driving force of the system.Theliquid flow from the stageis computedby alinearfunction,
while asteadystateenegy balances appliedto determinghevaporflow fromthestage.The
liquid time constant;, andthe vaporconstant\ areconstanfor eachsection.To allow the
thermodynamigackageo computeliquid enthalgy, equilibrium constantandtemperature,
the pressuren eachstagehasto be set.

2.2.1 RigorousTray Model

Assumptions Thetotal holdup of the tray consistsof liquid andvaporholdup. According
to the geometryof theinteriour of the distillation column,seeFigure 2.1, theliquid holdup
on thetray is devidedinto liquid onthe active tray areaandliquid in the downcomer The
following assumptionsremade:

R1 two-phasesystemin thermalandmechanicagquilibrium
R2 perfectmixing in vaporandliquid phases

R3 no heatlossedo the surroundings
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R4 no heatof mixing

R5 temperaturelynamicsof the columnstructureis neglected thisis, no heatis storedin
themetal

Consenrationof internalenegy andconstantvolumeof the systemimpliesthattheflash
calculationis solvedasanUV-flash. Theassumptiorof identicalpressurandtemperaturén
liquid andvaporphases necessaryo enablea consistensolutionof the physicalproperties
for eachcomponent.

Notethatthereis no flashcalculationperformedon the dovncomerholdup. The vapor
compositionis in equilibriumwith the liquid on the tray andthe vaporvolume of the tray
anddowncomerarecombined.
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Figure2.1: Controlvolumeon astage

Theenegy balanceof thetray

dUtray
dt

= va hv,in + Lm hl,in - V;Jut hv,out - Lt hl,t

Material and Energy Balance

The balancegpresentedarevalid for a stage
without feed,sidedrav andexternalheating
or cooling. Somemodificationsaremadefor

thereboileranddowncomer

dM;

p7al Vin Yin,i + Lin Tini---

—Vout Yout,i — Ly Tt (2-1)

The total componenholdupon thetray, this
is liquid onthetray andvaporabovetray and
downcomeris:

Mi = Mtray Tt + Mv Yout,i (22)

Thetotal molarholdupon thetray givenby:

ZM = Mtray + M,

wherethetotal internalenegy is describedy

p
Utray = Mv (hv,out - _) + Ml (hl,out - E)

A similar setof equationgs appliedto the downcomematerialbalance:

M, de,i

(2.3)
=1
(2.4)
: P (2.5)
Louti Tout,i (2.6)

=L, Teq —

dt
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thecomponenbalance:
My = Z Mdc,i ; Mdc,i = Mg Zout (2-7)
=1

theenepgy balanceof thetray:

Udc
dt

= Ly hyp — Lout hiout (2.8)
andthetotalinternalenepy:

Ude = Mag Py out (2.9)
werewe neglectthe pressuralependenpart.

Vapor-Liquid Equilibrium
Thethermodynami@quilibriumof vaporandliquid, is describedy Raoult’s law.

n n
Yout,i = KZ Lout,i ; Z Yout = Z Lout (210)
=1 =1

The compositionof the vaporleaving the tray is computedoy the Murphreetray efficiency
coeficient

Yeq,i — Yinyi

with y.,; asthe equilibriumvaporcompositionat giventray temperaturendpressureThe
compositionof thevaporthatwould bein equilibrium, y., ;, with theliquid leaving thetray.

Holdup Distrib ution
Theliquid andvapormolarholduponthetray s relatedto thetotal tray volumeby:

. Mtray + % + Mdc

Viray = (2.12)

P P P

Themolarvolumeontray is computedoy

hcl Aactive Pml it
Moy = d 2.13
tray M‘/Vl,t ( )

andof thedowncomer

Mye = (hae Age + Vigg) Lk (2.14)

Froth Density
We have chooseno usethe correlationpresentedy Bennett(1983)to computethe froth
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densityandthusthe liquid holduponthetray. The velocity of the vaporthroughthe active
tray areais:

Vactive = ‘/m MWU (215)

Aactive Prmu

andthefree (hole)areaof thesievetray.
Aac e
Uhole = Vactive T;e (216)
thedimensionlesgsuperficial)velocity factor

Pmov

Ks = Vactive (217)
ml — Pmwv
thefroth density¢ is expressedy
¢ = exp (my K7?) (2.18)
with theseparametersheclearliquid heighth., onthetrayis
how e
hcl = (b (hweir + ( QS ) ) (219)

The parameterr; to 73 areempiricalconstantsleterminedrom experiments.If the com-
putedfroth height,h. /¢ < hyeir, theliquid leaving thetray is setto zero.

Hydraulic Model

The modelingof thetray hydraulicis basedon empericalcorrelationselectedrom the lit-
erature. Thesecorrelationsare not necessarilythe bestavailable. The appliedcorrelations
allow fairly accuratepredictionsandareeasyto implementationn themodel.

Flow over outlet weir

Theliquid flowing over the circularweir from thetray to the downcomey is computedwith
a modified Francisweir formula (Perryet.al, 1984). Note that we assumehe liquid exit-
ing the tray over weir is clearliquid. Sincethe outletweir is placedoff centertowardsthe
columnwall, the liquid heightabove the weir A, will not be constant.Thereareno exist-
ing correlationswhich dealwith the corverging flow over outletweirsin distillation column
(Lockett, 1986). Taking the designinto considerationywe chooseo correctthe weir length
with afactorof 0.5.

q 0.704
ow = 44 — 2.20
h 300 ( 0F dwew) (2.20)

Downcomer
The pressuredrop over the downcomer(Perryet. al 1984)from the surfaceof the liquid
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exiting the downcomerto the surfaceof the downcomerlevel is identicalto the total pres-
suredropover a plate. The flow underthe downcomerapronis modelledby aninstationary
Bernoulli equation.The computatiortakesthe pressurdossdueto friction andthe acceler

ationof theliquid underthe downcomeraproninto consideration.

dpplate 2 Vde
——— =q hg, — - L= 2.21
pml g d C vdc dt ( )
wherethevelocity undertheapronis
n
. = 2.22
v Aapron ( )

andthe characteristidengthL is chooserto be equalto the heightof the downcomerapron.

Pressue drop correlation
The total pressuredrop dp,;... Over a plateis the differenceof the pressureof the vapor
enteringthetray andthevaporleaving thetray:

dpplate = Pvin — Pv,out = dpstatic + dpdry (223)

This is equalto the sumof the liquid headon the tray, dp,:.:;c andthe dry pressuredrop
dpary- Thepressuraropdueto theliquid headonthetray is

dpstatic =g hcl Pmi (224)

Accordingto Lockett (1986)the hydraulicgradientfor sieve tray distillation columnof
small diameter(lessthan 0.5 m) is negligible. Numerouscorrelationsfor the dry pressure
dropareavailable(e.g.: Liebsonetal. 1957)we have choosen:

51 pmy
dpdry = Pml C_g a Ulzwle (225)

Thermodynamic Properties
Thethermodynamigropertiesof the componentsre calculatedby the ASPENPROPER-
TIESPLUS(1988)package.

2.3 Simplified Model with Linearized Tray Hydraulics

Modern control systemsynthesids basedon the statevariablerepresentatiomf the plant

model.In applyingthesetoolsto higherordersystemssuchasdistillation column,practical

reasongluringcontrollerdesignrequireanorderreduction.Thisis, thelargenumberof state
variablesobtainedby modelsbasedon first principle hasto be replacedby a considerably
smallersetof suitablestatevariables.The preferedmodelis obvious onewith afirst order

plus deadtime characteristidor the stagemodel. During modelreductionthe hydraulic

lag (of theliquid flow) hasto be presered. Modelswith linearizedtray hydraulicsaremost

commonin practicaluse(Rademakr, 1975andSkogestad1988)asthis simplifiesthemodel

considerably
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2.3.1 Tray Model

The holdup of tray and downcomerare combinedto oneliquid holdupwhich is similar to
thetotal liquid holdupof therigorousmodel. Thelinearizationof thetray hydraulics(Equa-
tion 2.27)is donebasedon the hydraulicrelationshipsof the rigorousmodel (seeEquation
2.12t0 2.25). Theenegy balances doneover the entire stageholdup. Additionally to the
assumptiorR1to R5for therigourousmodelthe following assumptionaremade:

SH1 vaporholdupneglected

SH2 combinetray anddowncomerto oneliquid holdup

SH3 assumey; ~ h; , % ~ 0, thisis aratherroughassumptiongspeciallysincethe

referencestatefor thethermodynamigs 25°C
SH4 linearizedtray hydraulics
SH5 p = conston eachtray

Underconsideratiorof assumptiorSH1to SH2the materialbalancds similarto Equa-
tion 2.1to Equation2.3. AssumptionSH3 simplifiesthe enegy balancewhichis now used
to computethe vaporflow leaving thetray:

1
V;)ut -7 (V; (hv,in - hl,out) + Lm (hl,in - hl,out)) (226)
hv,out - hl,out
Thevaporliquid equilibriumis describedy Equation2.10. Thetray hydraulicsis expressed
by:
1
Lout - Lout,O + A (‘/m - V;n,O) + — (Ml - Ml,O) (227)

Tl

2.3.2 Linearized Tray Hydraulics

In this sectionwe usethe simplifiedtray hydraulicswhichis proposedy Rademakr (1975)
andSkogestad1988).Simpleexpressiongor thekey parameterglescribingthe hydraulics,
namley the hydraulictime constantr; andthe effect of vaporflow on liquid flow the vapor
constant\ will bederived. For simplicity, the vaporholdupis neglectedandconstantmolar
flow is assumed/,, = V..

Linearization

It is assumedhatthe liquid flow, L,,;, from a stageis directly affectedthroughthe vapor
flow in ,V;,, (indirectly throughits effect on the liquid level) and by the holdup (mass)on
thetray M. Linearizingthis relationyields (Rademakr et al. 1975, SkogestacandMorari

1988)
LO’LL Lou
ALy = <55V_ t) dVi, + <55Mt> dM
n /M 14

1
=AdVjy + — dM (2.28)

TL
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Notethatthis relationshipis assumedo hold dynamically We wantto obtain A andr; from
steadystaterelationshipgor the liquid holdup on the stagefound from designdataof the
column. Theliquid holdup canbe expressedy the following relationsM = f(L,V, dp)
with pressuredropdp = f(L,V). Linearizetheseexpressionsand assumeL;, = L,y

yields:
oM oM
M = L -
a <5Lout>vd ot - <5V;n)Ld‘/m

=TL dLout + v d‘/;n (229)

Notethatthis equation®nly holdsat steadystate.After obtainingr; andr, we mayexpress
A by

p— (2.30)

TL

Thisfollowsby settingd M = 0in Equatiorn2.28and2.29andrearrangeo get(d Loyt /0 Vin ) u1-

Estimation of hydraulic time constantsfrom column designdata
Theliquid holdupdistrutution onthestagg(tray plusdowncomer)is shovnin Figure2.1. To
simplify thederivationthevaporholdupis neglectedandall liquid holdupis in termsof clear
liquid. Theliquid holdupdepend®n geometryliquid andvaporflow. Theliquid holdupof
astagecanbe split up into liquid on thetray My, ,, andin the downcomerM,. Theliquid
holduponthetray canbedividedinto liquid under M,,,,, andover, M,,,, weir. Theholdupin
thedowncomerconsistsf theliquid in the sealpanM,.,; (or behindtheinlet weir), holdup
dueto hydrodynamidossesunderthe downcomerapron,M,,, holdupdueto dry pressure
drop Mg, andtheamountof liquid correspondingo theclearliquid heightonthetray, M.
Theliquid holdupin the sealpanis independenof the vaporor liquid flow. Sincethe height
of clearliquid onthetray andthe correspondindpeightof liquid in thedowncomer(denoted
he in Figure2.1) dependequallyon liquid andvaporflow, theseholdupsare combinedto
M. To simplify the computatiorof the partial derivativeswe combinetheliquid holdupson
the stagedependenbn the vaporflow to M, andconsiderthe liquid flow dependenpart
M,,, separately

Theholdupis relatedto geometryandflows by thefollowing relations:

M = f(Louta ‘/m) ; M = Mt'ray + Mdc (231)
Mtray = Muw + Mow = Aactive P hcl (232)
Mge = Adgc pi he (2.33)

Mow = f(Lout) 5 Mow = Aactive Pl how (234)
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dpd’r
My, = f(Vin) : Mgy = Ag—Pdry 235
dry f(V ) ) dry d g MVV[ ( )
Ve
Mloss = f(Lout) ; Mloss = Adc i C g (236)

The clearliquid heightis definedin Equation2.19. The heightover weir h,,, is obtained
from Equation2.20,finally thedry pressuralropis computedrom Equation2.25.

Assumingconstanimolarflows overthetray we canexpressthe hydraulictime constant
of vaporr, andliquid 7; of Equation2.29by changesn liquid holduponthe stage.

TV = <5M‘”y) + (5Md> (2.37)
sv ), \ov ),

= (5Ml"”) + <‘5M‘"") (2.38)
o )y o )y

Expressthe holdupswith correlations2.32 to 2.36 and linearize the nonlinearequations
yields:

oMy B(Ing)?
< =M, 2.39
57 = Ma g (2.39)
5Mdry Mdry
=2— 2.40
1% Vin ( )
5Mloss _ Mloss
5L - 2 T, (2.41)
6Mow Mow
=0.704 .
5T 0.70 T (2.42)
CombiningEquation2.39to 2.42with 2.37and2.38yields:
Mdry ¢(ln )2
=2 M, 2.43
A% V. + Mg Vi ( )
MOSS Mow
T, =2 = 4 0.704 (2.44)
out Lout
)\ = _T_V — _2Mdry + ¢(ln¢)2Mcl Lout (245)

TL 2Mloss + 0704M0w V;
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2.4 Obtain operational parametersfr om experiment

2.4.1 Liquid holdup and distrib ution ontray M; and M;,

Theliquid holdupandits distribution on thetray canbe estimatedy thefollowing means:

)

From geometricdataand pressuredrop measuremerver the columnthe amountof
liquid storedon a stagewill bethesumof liquid onthetray itself andtheliquid stored
in the downcomer Fromthe columndesignwe know the areaof thetray A,.:i,. and
downcomerA,. andthevolumeof thedowncomersealV,.,. For simplicity we neglect
the hydrodynamicpressuredrop underthe downcomerapron,suchthat by, = hy.
Pressuredrop measurementvill give the clearliquid heighth., on the tray andthe
backupin thedowncomer(seeFigure2.1).

Ml/pl ~ Atmy hcl + Adc htot + Vdc,O (246)

htot = dpplate/(pml g) ~ hd'ry + hcl (247)

The liquid height correspondingo the dry pressuredrop hg,,, iS determinedfrom
Equation2.25andtheclearliquid heighth,; from Equation2.19.

Measuringheinitial temperatureesponséo astepchangen reflux A L or vaporflow
AV enableheestimatiorof theliquid holdup. Theinitial responsef thecomposition,
Ax; onthetrayis independenvnthemagnitudeof theappliedstepchanggSkogestad,
1988).Fromamasshalanceoverastaget will be possibleto estimatehetray holdup.
Thefollowing assumptionaremade:

OP1 vaporholdupis negligible

OP2 ngylectthe enegy balancewhich resultsin equimolarflows, thatis L; = L;_;
andV; = Vi

OP3 constanimolarliquid holdup M

dM;
P Liw—Li+Viga—V; (2.48)

d%i
M o Li (i1 — 23) + Vi (Yig1 — ¥3) (2.49)

For astepchangen L; andV; theinternalflowsareL; = L? + AL andV; = V? +
AV. Substractinghe steadystatesolutionof Equation2.48from Equation2.49and
assuminghatimmediatelyafterthestepchangdhetray compositiorto beunchanged,
yieldsalinearequationn AL andAV:

dt

To facilitatethe useof the installedmeasurementsn the investigatedistillation col-
umnwe assume:

M

= AL; (z7_; —27) + AV; (y51 — v5) (2.50)
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OP4 vaporliquid equilibriumdescribedy y; = K;z;

OPS5 a linear relation betweenliquid compositionand temperaturej.e. z; = T;k;
furtherassumehatk; is constanfor traysnext to eachother

Apply assumption®P4andOP5andrearrangeequation2.50yields:

dAT;
Mzw =AL(T7, -T7) + AVK; (T, - T7) (2.51)
From Equation2.51 it is possibleto estimatethe molar holdup on stagefor a step
changan refluxandvaporrespectiely.

iii) Determinetheliquid volumeinsidethedistillation columnby emptythe column.Lig-
uid evaporatingfrom the columninteriouris collectedin the accumulatar The com-
binedholdupchangeof accumulatoandreboileris the amountof liquid storedunder
operationin thecolumn.

2.4.2 Liquid hydraulic time constantr

The hydraulictime constantr; describethe dependeng of the internalliquid flows dL on
the manipulatedvariablesdLr. Underthe assumptiorof constantmolar flows, the flow
dynamicsn adistillationcolumncanbeapproximatedyy (Rademakretal. 1975,Skogestad
etal. 1988):

1 1
dLy ~ —— dL 1————— | ANV 2.52
N (1+ms)N Tt ( (1+TlS)N> ( )

Equation2.52is derivedby repeatedombinationof the massbalancEquation2.48assum-
ing Vi, = V.. andthetray hydraulicsEquation2.28for eachtray (Rademakretal. 1975)
Theresponsef theliquid flow on stageN is a cascad®f first-orderresponsesgnefor each
tray. Introducethefollowing approximation:

(1+7ps) N e Vs = 0s (2.53)
yields:
dLy ~ e % dLy + (1 — e %) \dV (2.54)

From Equation2.54 we canestimatethe hydraulictime constantfrom the measuremenf
the delay betweena changein externalreflux until the liquid outflow of tray N changes
0, ~ 7,N. Determiningthe liquid hydraulictime constantexperimentallycan be done
by observingthe reboilerlevel after a stepchangein externalreflux. A secondmethodis
the obsenation of the temperaturegesponsdo anincreasen L. Theinitial responsewill
indicatethetime areflux flow changeneeddo propagatehroughthe column.



2. Evaluation of Dynamic Models of Distillation Columns
34 with Emphasison the Initial Response

2.4.3 Vapor constant\

The vaporconstant\ representshe initial effect of a changein vaporflow on liquid flow
from a stage.Experimentallywe canobtain A by thefollowing means.

i) Recordingthe temperaturgesponsdor anincreasan vaporflow V. In caseof A <
—0.5 we will have anincreasein tray temperaturan the upperpart of the column
earlierthanin the lower part. Earlierresponsef traysin the top sectionthanin the
bottom sectionis dueto liquid pushedfrom the trays suchthat the internal reflux
increasdemporarily Thiseffectwill bemoreextensiein thelowerpartof thecolumn
thanin theupperpart.

i) Obsenation of the reboilerholdupafteranincreasan heatsupplywherethe bottom
flow is keptconstantObservinganinverseresponséndicate < —0.5.

iii) Theestimationof A from differentialpressurelrop measuremeninderapplicationof
Equation2.37to Equation2.45.

2.5 Results

2.5.1 Holdup estimation

For the estimationof holdupandtime constantave assumehat p,,; and MW, is constant
andwe have chooserthe conditionsof a 50/50 mixture of ethanoland butanol at boiling
pointand1 bar, which gives p,,, = 727.6kg/m3, MW, = 60.1kg/kmol on eachtray and
Ahygy = 41320k J/kmol. The K-valuein Equation2.51is taken from a simulationof the
vaporliquid equilibriumat 1 barattheinitial steadystateconditions.

Table2.1list theexperimentatonditionsof experiment2 and3. Theliquid volumein the
distillation columnis determinedoy dumpingthe distillation column after the experiment.
Theliquid volumedeterminedy this methodis denotedV, ;. A secondmethodto estimate
theliquid volume,V; 4, in the columnis to computethe amountof liquid on the traysfrom
thedifferentialpressurelropoverthecolumnunderconsideratiorf thedowvncomerholdup.
The estimationof the liquid holdup (denotedA/; and My) by measuringthe initial time
constantfor a stepin externalreflux (Figure 2.4) anda stepin heatsupply (Figure2.5) is
doneby applyingEquation2.51with AV = 0 andAL = 0, respectiely.

The liquid holdup estimatedoy the rigorousmodel (M) anddeterminedexperimental
M., agreevery well. The holdupestimatedrom the initial time constant)/;,,;; andfrom
tht simplified model M;,,,,, shav anextensive mismatch.

Theholdupestimationfrom theinitial time constanbf theexperimentreliesontheaccu-
ragy in determinatiorof thetemperatuederiatives.Determiningthetemperaturelerivative
from e.g. Figure2.5will giveinaccurateesultsdueto noise.In conjunctionwith therough
approximatiorof the physicalpropertiesan estimationof the holdupwill beunreliable.

Fromsimulationwe getapp.200ml (rectifier)and300ml (stripper)liquid onthetrays,
this give atotal liquid volumein the columnof approximate?.7 liter, which is a rathergood
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resultcomparedo the dumpingexperimentV; ; andthe computatiorbasedon the pressure

drop.

Table2.1: Datafor holdupestimationfor ex-
periment2 and3

dim. Exp.2 | Exp.3
F ml/min | 250 250
ZF 0.54 0.56
dy mbar 22.3 26.1
Q=0 kJ/s 3.60 4.50
QtZO kJ/S 4.05 4.50
Li—o | ml/min | 250 350
Li>o | ml/min | 250 380
Vid l 2.94 3.18
Vi,ap l 2.81 2.79
Meyp mol 3.24 3.51
T °oC 79.11 | 80.96
T3 °C 79.49 | 84.80
Ty °C 80.45 | 90.07
ATs/dt °C/s 0.0018| 0.0133
Minit3 mol 6.16 2.96
Mimp,3 mol 1.2 1.2
Mp3 mol 3.05 2.80
Ty °oC 90.87 | 109.79
Ty °C 104.68| 113.73
Tio °C 111.15| 115.81
ATy /dt °C/s 0.0252| 0.0045
Minit 9 mol 8.65 9.06
Mimp.9 mol 1.5 1.5
Mgy mol 3.00 2.85

2.5.2 Hydraulic time constant
Liquid

Thehydrauliclag betweertheincreasean re-
flux until thereboilerlevel changess shavn
in Figure2.2andfoundto be#,, = 21s. The
responsef thereboilerlevel to a changein
the heatsupplyis shavn in Figure2.3. The
operationalparametersare statedin Table
2.2.

Applying Equation2.54to the measured
delayfrom changingthe controlsignalof the
reflux pump until the reboiler level startto
changeis incorrect. InspectingFigure 2.2,
it is seenthat the experimentalresponséas
approximatelyb secondslelayedto the sim-
ulatedresponse We have to considerthatit
take app. 5 secfrom changingthe signal of
thereflux pumpuntil theflow changesTake
this into considerationthe liquid lag for the
entirecolumnis in the rangeof 16 seconds,
which give an averagehydraulic time con-
stantof approximatelyr;, = 1.5s. Applying
Equation2.38to this setof operationakon-
ditions a time constantof ; = 0.9s for the
rectifierand; = 1.18s for the stripperis
computedseeTable2.3)

Theslightly differentgradientin theresponseés dueto the modellingof thebottomprod-
uctvalve. In the experimentthe valve positionis set,while in the simulationthe volumetric

liquid flow wassetconstant.

Vapor

Resultsof theestimationof 7, from Equation2.37,7; from Equation2.38and\ from Equa-
tion 2.45for experiment6 areshowvn in Table2.3. Parameterare computedfor the initial
flows statedn Table2.2. In Figure2.4theresponsef thetray temperatura stepchangdn
heatinputis shavn. Thenumericakesultsindicateananinverseresponséor thesimulation.
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response of reboiler level to reflux flow change
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Figure2.2: Responsef reboilerlevel to a stepin reflux flow att =20s

Table2.2: Experimentaktonditionsof exper Table 2.3: Parametersestimatedfrom data
iments5 and6 andthekey parametergound for Exp. 6 for Qp—o = 6.5k.J/s

dimen. | Exp.5 | Exp.6 Qs

F | ml/min | 350 350 rectifier | stripper
ZF 0.56 | 0.45 Mgy, | mol | 0.13 0.26
Li—o | ml/min | 470 470 hary | MM | 34.4 34.4
Liso | ml/min | 557 470 M, | mol| 1.09 2.10
Qi—o | kJ/s 5.8 6.5 hg |mm| 9.8 18.7
Qi>0 | kJ/s 5.8 8.0 o 0.23 0.49
Ou s 21 5 To S 5.19 6.56
T S 1.18 0.99
A -441 | -6.62

Thesimulatednverseresponsef thereboilervolumeof maximumO.05liter corresponds
to achangean therealreboilerof approximatelysmm, whichis approximatelytheresolution
of thelevel measuremenilThe predictedchangen the columnholdupis app.1.5mol, which
is lessthan5 % of thereboilerholdup.Someliquid is pushedrom thetrayssincetheinitial
decreasén reboilerlevel slows down after20 secondsNeverthelesshe extensive mismatch
of experimentandrigorousmodelfor thereboilerlevel hasto beinvestigatecandthe model
hasto becorrectedit is notfully understoodvhich effect of therealsystemis overestimated
in therigorousmodel.

2.5.3 Comparison of initial time constant of Experiment and Simula-
tion

Stepchangesn the manipulatedvariables(reflux and heatinput) were performedandthe
responsesf the modelsandthereal processaarecomparedTheinventoryof thedistillation
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columnis controlledby Pl-controllersacting on the distillate and bottom flow, exceptfor

experimentss and6 wherethe productflows aresetmanually The presentedesponseare
simulatedwith atray efficeng/ of 0.85in therectifiersectionand0.8for thestrippingsection.
Theefficiengy of thereboileris setto 0.6. Thedeviation from the steadystatetemperaturés

plottedto comparesimulationby meansof therigorousmodelandthe experimentaldata.

In Experiment 2 the heatsupplyto thereboileris increaseatt = 10s. Thetemperature
responsef tray 3 and9 is shovn in Fig. 2.4.

response of reboiler level to heat input

0.1

=-0.1
S
>
oM
=-0.2
_____ experiment
—0.31 simulation
-0.4 y :
0] 50 100 150
time [s]

Figure2.3: Responsef reboilerlevel to a stepin heatsupplyatt =10s

A thoroughinspectiorof thefirst 100secondshow aninverseresponseavith amagnitude
of —0.25°C' in the responsef the rigorousmodel. Sincethe noiselevel of the experimen-
tal datais +0.25°C it is ratherdifficult to identify this from the setof experimentaldata.
The experimentaldatawhererecordedat a samplingtime of one secondwithout filtering
of the signal,suchthatthe inverseresponsehouldnot be removedfrom the dataset. Nev-
erthelesghe sizeandthe durationof the inverseresponses at a thathigh frequeng thatit
is of only limited importancefor control of the distillation column. Neverthelesst is not
fully understoodvhich effect of the real systemwasoverestimate@andinitiate the inverse
response.

Thereflux flow is increasedn Experiment 3, thetemperatureesponsef trays3 and9
areshowvn in Figure?2.5.

Theresponsesf therigorousmodelagreewell with therecordedexperimentadata.The
delaysandinitial time constant®f thetray temperatureto the stepsin heatinputandreflux
arein goodagreementln Figure2.6 the responsef the rigorousmodel(denotedwith T3
R andT9 R) andthe modelwith linearizedtray hydraulics(T3 L, T9 L) arecomparedor a
stepchangeof thereflux flow.
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Figure2.4: Initial respons@®f temperaturesntrays3 and9 to a stepchangen heatinputat
t=10s.
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Figure2.5: Initial responsef temperaturesn trays3 and9 to a stepchangen reflux flow
att=20s.

The essentiadifferencebetweenthe two modelsis the methodusedto determinethe
holdup andthe tray hydraulics. Although the liquid holdupfor the linearizedmodelwas
determinedrom experimentanextensive mismatchn theinitial time constantvasobsened
(seeTable 2.1). The hydraulictime constantr; andthe vapor constant\ aretaken from
Table2.3. Iterationon the liquid holdupin the linearizedmodelto matchthe experimental
initial time constantgive a liquid holdupof 1.2 mol in the rectifier sectionand 1.5 in the
strippersection.This holdupwasusedin to obtainthe datashavn in Figure2.6. Theliquid
holdup of the rigorousmodelis 2.8 and2.85mol in the rectifier and stripperrespectiely.
Thedifferencein holdupis approximatelythe amountof liquid in thedowncomer
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temperature response rigorous/linearized model
0.5 T T T

temperature [C]
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time[s]

Figure2.6: Initial responsef temperaturesn trays3 and9 to a stepchangan reflux flow.
Stepatt = 20s.

2.6 Conclusion

The validity of the modelhasbeendemonstratedhroughthe comparisorof experimental
and simulationresultsof the open-loopoperationof the investigateddistillation column.
Neverthelesshemodeldoesnot representhereboilerholdupdynamicscorrectly

It isfairly straightforwardto generalizeheresultsto othersievetraydistillationcolumns,
sincenofor theinvestigatedystenmspecificcorrelationsvereutilized. Thepresentedesults
demonstratéheimportanceof realisticmodelledtray hydraulicsfor the properoperationof
theprocess.

The transientresponsesf the hydraulicvariablesshav the importantrole they have in
thedesignprocesf a controlsystem.

From the analysisof the simplified modelwe seethat even if we usesimple dynamic
modelsfor the compositiondynamicsthe hydraulicdynamicsshouldstill be considerecnd
modelledin anappropriatenanner Especiallycarehasto betakento obtaingoodestimates
for the hydraulictime constantandtheliquid holduponthe stage.
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Notation
A active area m?
Co dischage coeficient
dp dry pressuralropovertray N/m?
d diameter mm
F; molarfeedflow of component kmol/h
g standardacceleratiorof gravity m/s?
h molarenthaly GJ/kmol
h height mm
K, dimensionlesselocity
L; molarliquid flow of component kmol/h
M molarholdupof liquid kmol
MW  moleculamweight kg/kmol
P pressure bar, N/m?
q liquid flow m3/s
T temperature °C
v velocity m/s
1% molarvaporflow of component kmol/h
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Yeq,i equilibriummolefractionof component in vapor

Ys molefractionof component in vapor

x; molefractionof component in liquid

zZ; molefractionof component in feed

GreekSymbols

n Murphreetray effiency

Pm liquid massdensity kg/m?

p liguid molardensity kmol /m?
o) froth density

Subsripts

actve actvetrayarea

apron downcomerapron

d,dc downcomer

i identifier

in flow into the systemvolume

n dummyindex for numberof
components

I liquid phase

out flow out of the systemvolume

t tray

v vaporphase






Chapter 3

Multi vesseBatch Distillation

SIGURD SKOGESTAD, BERND WITTGENS,
EVA SORENSEN! and RAJAB LITT O

Norwegian University of ScienceandTechnology(NTNU),

Departmenbf ChemicalEngineering,
7034Trondheim,Norway

Publishedn: AIChe Journal Volume43,No.4,1997

Abstract

Themultivessebatchcolumnconsistof areboiler severalcolumnsec-
tionsandintermediatevesselsanda condensewessel. This configura-
tion providesa generalizatiorof previously proposedatchdistillation
schemesincluding the invertedcolumnandthe middle vesselcolumn.
The total reflux operationof the multivesselbatchdistillation column
was presentedecently and the main contribution of this paperis to
proposea simple feedbackcontrol strateyy for its operation. We pro-
poseto adjustthe vesseholdupsindirectly, by manipulatingthe reflux
flow outof eachvesseto controlthetemperaturatsomelocationin the
columnsectionbelov. The feasibility of this stratgy is demonstrated
by simulations.

3.1 Intr oduction

Although batchdistillation generallyis lessenegy efficient than continuousdistillation, it
hasrecevedincreasedttentionin thelastfew yearsbecausef its simplicity of operation,
flexibility andlower capital cost. For mary yearsacademiaesearchon batchdistillation

!Departmenbf ChemicalandBiochemicalEngineeringUniversity College London,LondonWC1E 7JE,
UK
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wasfocusedprimarily on optimizingthereflux policy for the corventionalbatchdistillation
column (also called the batchrectifier) wherethe feedis chagedto the reboiler and the
productsare drawvn from the top of the column. However, morerecently therehasbeen
renavedinterestin re-examiningthe operationof batchdistillation asawhole.

A total reflux strateyy, wheretwo final productsarecollectedin the condensedrumand
in the reboiler was suggestedndependenthby Treybal (1970)and Bortolini and Guarise
(1971). Sgrenserand Skogestad(1994) found the total reflux operationto be betterfor
separationsvith a small amountof light component. A generalizatiorof the total reflux
strat@y is the cyclic operationdescribedby Sgrenserand Skogestad(1994). Here, the
operationis switchedbetweentotal reflux operationand dumpingof the product(i.e. the
condenseholdupis introducedasanadditionaldegreeof freedom).

RobinsonandGilliland (1950)proposedaninvertedbatchcolumn,alsocalledthe batch
stripper wherethe feedis chagedto the top andthe heavy productsare dravn from the
bottom of the column. Sgrenserand Skogestad(1995) found that, alsoin this case,the
invertedcolumnis betterthanthe corventionalcolumnfor separationsvith a smallamount
of light component. Bernotet al. (1991) studiedthe use of this column for separating
azeotropianixtures.

A further generalizatiorof the invertedcolumnis the middle vesselcolumn,which has
botharectifying andstrippingsection.This configurationwasfirst mentionedby Robinson
and Gilliland (1950, p. 388) andwasfirst analyzedfor binary mixturesby Bortolini and
Guarise(1971)and later studiedin the Russianliterature(e.g. Davidyanetal. 1991;see
theupdatedEnglishtranslationin Davidyanetal. 1994). The middle vesselcolumnis also
sometimeseferredto asthe“complex” batchdistillation column(MujtabaandMacchietto,
1992).Bortolini andGuarise(1971)proposedo chage a binary feedmixtureto themiddle
vesselnddrav productsfrom boththetop andthe bottom,suchthatthe compositionin the
middle vesselwas approximatelyconstantduring the operation,and operationstopswhen
the middle vesselis empty This modeof operationis found to be optimal in somecases
(MeskiandMorari, 1995).

Hasebeetal. (1992)proposedo chage aternary mixtureto the middle vesselandlet
thelight andheary impuritiesbe dravn from the top andthe bottomof the column. In this
casethe operationstopswhentheintermediatecomponentn the middle vessehasreached
its desiredpurity. MujtabaandMacchietto(1992,1994)studiedthe casewherea chemical
reactiontakesplacein the middle vesselandcorversioncanbeincreasedy removing the
products.

A further generalizationris the multivesselcolumnsuggestedy Hasebeet al. (1995).
They proposeda total reflux operationwherethe productsarecollectedin vesselsalongthe
column.Becaus@nemayview this columnasa stackingof severalcolumnson top of each
other they denotethis processa “multi-effect batchdistillation system”(MEBAD).

All the above designsandstratgiescanberealizedin the multivessebatd distillation
columnshawn in Figure 3.1, whereboth the holdups,M;(t), andproductflows, D;(t), are
degreesof freedom. With N, vesselsalongthe columnandwith given pressureand heat
input, this columnhas2N, — 1 degreesof freedomfor optimization; namelythe N, — 1
holdupsM;(t) (e.g. controlledby the N, — 1 reflux streamspndthe N, productratesD;(t).

Furthergeneralizationsre possible for example,by addingfeed streamgsemi-batch
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operation),by taking out liquid or vapor streamsother placesin the column, or by using

intermediateheaterr coolers.
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The simpleststratgyy for operatingthe
multi-vesselcolumn, which is the focus of
this paper is the total reflux operation sug-
gestedby Hasebeet al. (1995) where the
N, product rates are set to zero (D; =
0). Thereare at leasttwo advantageswith
this multivesselcolumn comparedto con-
ventional batchdistillation wherethe prod-
ucts are dravn over the top, one at a time.
First, the operationis simplersinceno prod-
uct change-wgersare requiredduring opera-
tion. Secondthe enegy requiremenmaybe
muchlessdueto themulti-effectnatureof the
operation.n fact,Hasebeetal. (1995)found
thatfor someseparationsvith mary compo-
nentsthe enegy requiremenimay be similar
to thatfor continuoudistillationusing N, —1
columns.

Hasebeet al. (1995) proposeto “con-
trol” thetotal reflux multivessebatchdistil-
lation column by calculatingin adwancethe
final holdupin eachvesselandthenusinga
level control systemto keepthe holdupin
eachvesselconstant. For caseswherethe
feed compositionis not known exactly they
proposeto, after a certaintime, adjustthe
holdupin eachvesselbasedon composition
measurementsTheir schemejnvolving the
optimizationof the vesselholdupsandtheir
adjustmentbasedon compositionmeasure-
mentin thesevesselsis rathercomplicatedo
implementandit requiresan advancedcon-

Figure3.1: Generalmultivessebatchdistil- trol structureto implementthe controllaw.

lation columnfor a casewith 4 vessels

The main contribution of our paperis to propose for the total reflux operationof the
multivesselcolumn, a feedbackcontrol structurebasedon N, — 1 temperaturecontrollers
(seeFigure3.2). Theideais to adjustthereflux flow out of eachof theupperN, — 1 vessels
by controlling the temperatureat somelocationin the columnsectionbelov. Thereis no
explicit level control, ratherthe holdup, M;, in eachvesseis adjustedndirectly by varying
thereflux flow to meetthetemperaturespecifications.

In additionto thedynamicsimulationsvhich show thefeasibility of theproposedcheme,
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we presenthe steady-state@alueswhich would be achieredif we wereto let the batchtime
approachnfinity (t — oo). Of course,in practicewe wantthe batchtime to be asshortas
possible andwe would terminatethe batchwhenthe specificationsaremetor theimprove-
mentin purity is small. Neverthelessthe steady-statealuesare interestingbecausehey
give theachievableseparatiorfor agivencase.

3.2 Simulation model

All theresultsin this paperarebasedn sim-
ulationsusingthe dynamicmodeldescribed
in the Appendix. We have madea number
of simplifying assumptionssuchasconstant
molar flows, constantrelative volatility, lin-
earboiling pointcurve, constanstageholdup
and constantpressure. Theseassumptions
are introducedto simplify the model simi-
lar resultsareobtainedvhentheassumptions
arerelaxed. The dynamicmodelis imple-
mentedusing the SPEEDUPsoftware pack-
age(Speedup,1993). In all simulationswe
neglect the time to heatup the columnand
feed mixture to the boiling temperaturdi.e.
“hot” startupis assumed).

In the simulationswe considera four-
componentmixture, and usea column with
threesectionsandfour vesselgincludingre-
boiler andcondenser)The datafor the mix-

28 3 ----- ture andthe columnare summarizedn Ta-
ble 3.1. The numericalvaluesof the rela-
33 tive volatility arechosento be closeto those
Vf ¢ of the system methanol-ethanol-propanol-
butanol. As mentionedwe assumehe mix-
W turetemperaturef},, onstagek to bethemo-
lar averageof the boiling temperaturesf the
| Qp |'V' 4 purecomponents
Figure 3.2: Feedbackcontrol structurefor . -
multivesselbatch distillation column under Te = ;xj - Lo (3.1)

total reflux
whereT, ; = [64.7,78.3,97.2,117.7]°C..

2The linear boiling point curve assumptionmay seemvery crude. However, we have performed
simulationswhere temperaturesare computedfrom Raoultslaw for ideal mixtures, p;,: = E;.Vzcl xj;
p{*(T), and the Clausius-Clapgron equation for the pure componentvapor pressures,ps*(T) =

exp (—% (% - ﬁ)) andtheresultsshav only minor deviations. SeeAppendixD for moredetails.
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In the simulationswe considertwo feed mixtures; one equimolar(zx;), and one with
smalleramountsof component® and4 (zr). In all casesgxceptin Figure3.6, theinitial
(att = 0) vesselholdupis thesame(M; = 2.5 kmol) in all four vesselsandtheinitial
compositionin all vesselss equalto that of the feedmixture. In all simulationsthe vapor
flow is keptconstantatV = 10 kmol/h.

Table3.1: Summaryof columndataandinitial conditions

Numberof components N. =4
Relatve volatility a; = [10.2,4.5,2.3,1]
Total numberof stages Nyt = 33
Numberof sections 3
Numberof stagegpersection N; = 11
Vesseholdups M,y = 2.5 kmol
Tray holdups(constant) M = 0.01 kmol
Total initial chage Moy = 10.33 kmol
Refluxflows Ly = 10 kmol/h
Vaporflow (constant) V = 10 kmol/h

3.3 Total reflux operation with constantvesseholdups

In this sectionwe follow Hasebeet al. (1995)and presentsimulationswhich demonstrate
the feasibility of the multivesselbatchdistillation undertotal reflux. The holdup of each
vessels calculatedn advanceby takinginto accounthe amountof feed,feedcomposition
and productspecifications. After feedingthe predescribecamountof raw materialto the
vesselstotal reflux operationwith constantvesselholdupis carriedout until the product
specificationsreachieved,or until theimprovementin productpurity with time is too slow
to justify furtheroperation.

The simulatedcompositionprofilesasa functionof time areshowvn in Figure3.3for the
equimolarfeedmixture

zp1 = [0.25,0.25,0.25, 0.25] (3.2)

The holdupin eachvesselis keptconstantat M; = 2.5 kmol duringthe simulation. The
purity of the maincomponentn eachof the vesselss seento improve nicely andlevels off
afterabout2 hours.As time goesto infinity the steady-stateompositiongpresentedn Table
3.2areachiered. Thesteadystatepurity of themaincomponents betterthan99%in thetop
andbottomvesselsandis about96%in thetwo intermediatevessels.

However, in practice,it may be difficult to keepthe vesselholdupsconstant,and the
compositionof the feedmixture may be uncertain. The resultsmay be sensitve to holdup
errorsasis illustratedby consideringa casewherethe actualfeedcompositions

zre = [0.30,0.10, 0.40, 0.20] (3.3)
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but theholdupof eachvessels keptconstanat M; = 2.5 kmol, whicharethevesseholdups
correspondindo the equimolarfeedcomposition,zz;. This resultsin large changesn the
final vesselcompositionsas seenfrom Table 3.3. For example,the purity in vessel2 is
reducedfrom about96% to 40%, whereashe purity in vessel3 is improved from 96% to
99.9%.

(@) Composition profile, main component

0.75f

05¢F

0.25

(b) Composition profile, main impurity

1 [

0.15f

0.0

Figure3.3: Constanwvesseholdupfor feedmixture z;: Compositionresponsen accumu-
lator (1), vesseR, vessel3 andreboiler(4)

Table3.2: Constantwvesseholdupsfor feedmixture zx1: Steady-stateompositions

| | Vessell | VessePR | VesseB | VesseH |

M; [kmol] 2.5 2.5 2.5 2.5
x1 0.993 | 0.017 0.0 0.0
Ty 0.007 | 0.959 | 0.025 0.0
T3 0.0 0.024 0.963 0.004
T4 0.0 0.0 0.012 0.996

To compensatéor thesefeedvariationsHasebeet al. (1995) proposea rathercompli-
catedalgorithmfor adjustingthe holdupbasedn measuringhe compositionin thevessels.
We proposea muchsimplerfeedbackschemewhichis discussedn the next section.
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Table3.3: Constantwvesseholdupsfor feedmixture zz,: Steady-stateompositions

| | Vessell | VesseP | VesseB | VesseH |

M; [kmol] | 25 2.5 2.5 2.5
7 0.999 | 0.203 | 0.0 0.0
2 0.001 | 0.404 | 0.001 | 0.0
s 0.0 | 0.393 | 0.999 | 0.180
4 0.0 0.0 0.0 | 0.820

3.4 Feedbackcontrol of multivessekolumn

We now presentresultsfor our proposedcontrol structurefor the total reflux operation;see
Figure3.2. The separatiorof a mixture containingN, componentsequiresN, vesselsand
N, — 1 temperatureontrollers. The:'th temperatureontroller (7°C;) controlsthe temper
ature(7;) in the middle of thei’th columnsection,usingasa manipulatednput the reflux
flow (L;) out of the vesselabove that column section. This enablesan indirect control of
the holdup (M;) in that vessel.Note thatthereis no level controlleror level measurement,
althoughsomeminimumandmaximumlevel sensorgnaybe neededor safetyreasons.

The simpleststratayy is to let the setpointfor eachtemperaturecontrollerbe setasthe
averageboiling temperaturef the two componentdeingseparated thatcolumnsection.
This simplestratgy is usedin the simulations.Alternatively, to reducethe batchtime for a
specificseparationthe setpointanaybe obtainedrom steady-statealculationscorrespond-
ing to the desiredseparationpr they may evenbe optimizedasfunctionsof time. However,
it is believedthatin mostcasesgexceptwhenthe numberof stagesn the columnis closeto
theminimumfor the desiredseparationthe simplestrateyy will beacceptable.

To demonstrat¢éhefeasibility of our proposedontrolschemewe considerthe samecol-
umnasstudiedin theprevioussection(seeTable3.1). To prove thattheschemas insensitve
to theinitial feedcompositionwe considerntwo differentinitial feedcompositionszz; (EQ.
3.2)andzr; (EQ. 3.3).

We usesimpleproportionattemperatureontrollersto manipulatehe reflux flow

Li =K, - (T,; —T;)+ Lio (3.4)

wherewe selectedhe controllerbiasasL;, = V = 10 kmol/h. The numericalvaluesof

the controllergain, K, andtemperatureetpoints{; ;, aregivenin Table3.4. Thecontroller
gainswereselecteduchthatanoffsetin thetemperaturef A7, = 10°C yieldsachangean

thecorrespondingefluxflow of AL; = 2.5 kmol/h (25%0f thenominalflowrate). Thetem-
peraturesensorarelocatedin themiddleof eachcolumnsectionand,asalreadymentioned,
thesetpointT ;, for eachsectionis theaverageboiling temperatur@f thecomponentdeing
separatedh thatsection.

With thesetemperatureontrollers(seeTable3.4),we achieve for bothfeedmixturesthe
samesteady-stateompositiongt — oo) givenin Table3.5. Thesesteadystatecompositions
arevery closeto thosefound earlierfor feed mixture zz; with constantvesselholdupsof
M; = 2.5 kmol; comparelables3.2and3.5.
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Table3.4: Datafor temperatureontrollers

T, [°C] | K. [kmol/(°Ch)] | location*
TC, 71.5 -0.25 6
TCy 87.75 -0.25 17
TCy 107.2 -0.25 28

* stage numbeedfromtop of column

Table 3.5: Temperaturecontrol (independentf feed composition): Steady-stateomposi-
tions

| | Vessell | VesseR | VesseB | VesseM |

z; || 0.993 | 0.016 0.0 0.0
zo || 0.007 | 0.967 | 0.034 0.0
T3 0.0 0.017 | 0.960 | 0.007
T4 0.0 0.0 0.006 | 0.993

As expectedfor feedmixture zx1, the steady-statgesseholdupsarecloseto 2.5 kmol;
seethe first row in Table 3.6. The compositiontime responsegor feed mixture zp; are
shaowvn in Figure 3.4 (a) and (b). The responsesire similar to thosewith constantvessel
holdupsshawn in Figure 3.3 (a) and(b); the differenceis thatthe approacho steadystate
is fasterin vesselsl and4 andslower in vessel® and3 for the control structureemplgying
temperatureontrol.

In Figures3.4 we alsopresentfor feedmixture zr; thetime responsesor the holdups
in the vesseldc), the reflux flows out of the vesselqd), andthe controlledtemperatures
(e). The simulationsdemonstratdiow the action of the temperaturecontrollersadjustthe
reflux flows, which indirectly adjustthe vesselholdupssuchthat the final productsare of
high purity.

Similar resultsfor feedmixture zz, areshown in Figure3.5. Theinitial vesseholdups
areasfor feedmixture zx,, andthesimulationsdemonstratbow thetemperatureontrollers
indirectly adjustthe vesselholdupssuchthat the steady-statezesselcompositionsare the
sameasfor feedmixture z,. Fromthe secondow in Table3.6 we seethatthe steadystate
holdupswith feedmixture z, vary from 0.788kmol in vesseP to 4.159kmol in vesseB.

Two remarksabouttheresultsarein ordet

1. FromFigures3.4(e)and3.5(e)we obsenre thatthe controlledtemperatureseachtheir
setpointwith no offset (" — T, ast — o0), eventhoughonly proportional
controllersareused.Thereasornis thatthemodelfrom L; to 7; containsanintegrating
element,sincethe systemis closed. More specifically considerthe reflux ; to a
columnsectionandthe temperaturdl; in that section. We know thatwe canchange
the steady-statealueof 7; by changingL;. We alsoknow thata steady-statehange
in L; is notallowed,sincewe musthave L; — V; ast — oo (total reflux operation).
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Table3.6: Temperatureontrolfor feedmixtureszy, andzg,: Steady-stateesseholdups

| | Vessell | VesseR | VesseB | Vessek |
feed|| My [kmol] | My [kmol] | M3 [kmol] | My [kmol]
ZF1 2.506 2.452 2.512 2.530
Z2F9 3.053 0.788 4.159 2.000

Thusthetransferfunctionfrom L; to T; mustcontainanintegratot

2. With temperatureontrolwe achieve thesamesteady-stateompositionsn thevessels
independenbf theinitial feed composition(only the vesselholdupsdiffer at steady
state).Thereasoris thatthe columnhasonly threedegreesof freedomat steadystate
andif we fix threetemperatureatthreelocationsin the column,thenthetemperature
profile overthecolumnattotalrefluxis determined(Thisassumethatwe donothave
multiple steadystates.Multiple solutionsarenot likely whentemperaturesrespeci-
fied, but maybeencounteredf we specifythe compositionof agivencomponent.)

We have also performedsomesimulationsto study the start-upfor the casewhenthe
entirefeedmixtureis chagedto thereboiler(andnot distributedto the vesselsasin Figure
3.5). The compositionresponsesor feed mixture zx, are presentedn Figure 3.6 (a) and
(b). Theresultsindicatethatthe temperatureontrollerscanbe actvatedimmediatelyafter
start-up;possiblywith somestratey to ensurethatthe vesselsarenot emptied.The vessels
arethenslowly filled up by actionof the temperaturecontrollerswhich reducethe reflux
flows for a transientperiod (seeFigure 3.6 (c) and(d)). The simulationsindicatethat, the
requiredtime to reacha desiredseparations similar to thatfound whenthe feedis initially
distributedto thevesselgseeFigure3.5).

3.5 Achievable separation

The achiezable separationis limited by the numberof theoreticalstagesin the column

sections. Or, statedin anotherway, if thereare no thermodynamidimitations causedby

azeotropegtc.,thenwe canachiere ary desiredpurity in amultivessecolumnif we have a

sufficient numberof stages.This is demonstrateth Table3.7 wherewe presenthe steady-
stateproductcompositiondor differentnumbersof theoreticalstages/V;, in the threecol-

umnsections.Thetotal numberof stagess 3 - V;. We usethe samecomponentasbefore
(the feed compositiondoesnot matter),and usetemperatureontrollerswith the setpoints
givenin Table3.4. With 7 stagesn eachsectionwe achie/e a purity of about86%in vessels
2 and 3, with 11 stageqbasecaseusedin restof paper)about96%, with 15 stagesabout
99%, andwith 25 stagesabout99.97%.
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Table3.7: Temperatureontrol (independendf feedcomposition):Steady-statgesselcom-
positions(maincomponentiasa function of numberof stagesV; in eachsection.

N; Vessell | VesseR | VesseB | Vessek
x1 T2 x3 Ty
7 0.965 0.864 0.856 0.965
9 0.984 0.932 0.923 0.984
11 (basecase)] 0.993 | 0.967 | 0.960 | 0.993
15 0.998 0.992 0.990 0.999
19 0.9997 | 0.9982 | 0.9974 | 0.9997
25 0.9999 | 0.9998 | 0.9997 | 0.9999

3.6 Discussion

Onejustificationfor usingmultivesseldistillation insteadof conventionalbatchdistillation

is to save enepy, or equialently, for a given heatinput the batchtime may be significantly
shorter Anotheradwantageis the simple operationof the multivesselcolumn undertotal

reflux. A third advantageis thatit may be easierto operatethe columncloseto optimum
with the multivesselcolumn. In corventionalbatchdistillation the optimal operationmay
dependon the reflux policy andquite stronglyon the useof off-cutsto achiese the desired
productcomposition. On the otherhand,in the multivesselbatchcolumnthereare fewer

degreesof freedomandthis simplifiesthe operationconsiderablythereflux flow is adjusted
with simple temperaturecontrollerssuchthat the desiredproductsare accumulatedn the

vessels.

One disadwantagewith the multivesselcolumn comparedwith the corventionalbatch
distillation is that the columnitself is more complicated.Also, whereasn a corventional
batchcolumnone only hasto make decisionon the length of one single column section,
onehasto decideon the numberof sectionsandtheir lengthfor a multivesselcolumn. The
designof themultivessetolumnsis thereforemorecloselylinkedto a specificfeedmixture,
in particularthe relative volatility andthe productspecifications.Thus,the designprocess
of a multivesselcolumnis similar to the designof a sequenceof continuousdistillation
columns.

A simplepracticalimplementationwhichis usedin ourlab-scalecolumn,is to placethe
sectionsand stageson top of eachotherasindicatedin Figure3.1. Theliquid thenflows
by the influenceof gravity andthereis no needfor pumps. However, this designis rather
inflexible, andit cannotbe usedif a large numberof stagess required. For an industrial
multi-purposeseparatiorfacility, it is probablybetterto placethe columnsectionsn series
with thevesselsat groundlevel asindicatedby Hasebeetal. (1995). Refluxpumpsarethen
neededo bringtheliquid from thevesselgo thecolumnsectionsin this casepnecanquite
easilyput severalcolumnsectiondn seriesto meetthe separationsequirementsor a given
feedmixture.

Although the resultspresentedn this paperon the temperaturecontrolledmulti-vessel
columnaremostencouraginga numberof questionsareopenfor furtherresearch.
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1. The simulationsneedto be verified experimentally This work is in progress,and
preliminaryresults(Wittgensetal. 1996)shav very goodagreementvith the simula-
tions.

2. Thestart-upprocedureneedso be studiedin moredetail, including the initial distri-
bution of the feedmixture.

3. In this studythe setpointsfor the temperatureontrollerswere setsuchthatthe tem-
peraturan the middle of the sectionshouldequalthe averageof the boiling pointsof
the componentseparatedh thatsection.In generalthis is not optimal, especiallyif
therequirements$or productpuritiesarevery different.

4. It shouldbe establishedor whattype of mixturesandconditionsthe nev multivessel
batchcolumnis mostsuited.

5. Reasonableriterionsfor abortingthetotal reflux operatiorshouldbe establishedthat
is, whenis theimprovementn productpurity too slow to justify furtheroperationand
how shouldthis be detected.

6. Finally, thetotal reflux operationmay be generalizedy alsoallowing withdrawal of
products(continuousor discontinuousjfrom the vessels.In this way the multivessel
columnforms a “super structure”which hasas specialcasesall the previously pro-
posedbatchschemesnentionedn theintroduction.

3.7 Conclusions

A generalmultivessebatchdistillation columnis proposedalongwith a new control strat-
egy for its total reflux operation. It is shavn that the proposedcontrol schemeis easyto
implementandoperatejn particular for widely varyingfeedcompositions.
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(a) Composition profile, main component
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(a) Composition profile, main component
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(a) Composition profile, main component
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Notation
D  Distillate flow kmol/h
K. Controllergain
L Refluxflow kmol/h
M Holdup kmol
N.  Numberof components
N;  Numberof stagesn sectior:
t time h
T Temperature °C
T, Boiling temperature °C
TC; Temperatureontroller
V' Vaporflow kmol/h
x Liquid composition

Yy Vaporcomposition
zr  Feedcomposition
e Relatve volatility

Subscripts

¢ sectionidentifier

j componentdentifier
k stagedentifier

s setpoint

Appendix: Mathematical model of multi vessekolumn
Themodelusedin the simulationss basedon thefollowing assumptions:
e constantelative volatility

constanmolarliquid holdupson the stagegliquid flow dynamicsneglect)

constanmolarvaporflows V; (enegy balanceneglected)

constanpressure

constantray efficiency (100%)

negligible vaporholdup
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e perfectmixing onall traysandin all vessels

e totalcondenser

The distillation columnis modeledasa stackof stageqcountedfrom the top) asshavn in
Figure 3.7. Note that the vaporflow V' doesnot passthroughthe intermediatevesselsso
thesedo not contritute to the numberof theoreticaktagesThe modelfor stagek in section
1 consistf amaterialbalancefor eachcomponentj (Note M, is assumedonstant)

X L1

stage k-1

T

stage k

T v

stage k+1

section i-1

b

Lj

section i

i
bl

\Y

Figure3.7: Connectiorof traysandvessels

d xj,k

M
kTt

= Li (k-1 = i) +
V (yj,k+1 - yj,k) (3.5)

andthevaporliquid equilibrium

o; = Yik/ Tj (3.6)
YH k / THE

where H denoteghe heariestcomponenin
the mixture.

The material balancefor the condenser
(t=1)is

% =V oy — Lizyg  (3.7)
t
andits massbhalance

d M;
L=V - L 3.8
a7 (3.8)

For intermediatevesselg7)

d (M; zjs) _ Liyzji— Lizs:  (3.9)
dt ’ ’
with

d M;
dt

=L,y — L, (3.10)

wherez; is thecompositionin vessek andz;_, ; is theliquid compositionat the bottom
of thesectionabove. Theliquid flow L, leaving vessel is setby a controlvalve.
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Thereboiler(i = R)

t
where
d M;
P 3.12
=L (3.12)

whereagainthevaporliquid equilibriumis describedy Equation3.6.
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Abstract

Themultivessebatchdistillation column,aswell ascornventionalbatch
distillation, may be operatedn a closed(total reflux) modewherethe
productsarecollectedin vesselsalongthe column.We have previously
proposedandsimulateda feedbackcontrolstrateyy for the closedoper
ation,wheretheideais to indirectly adjustthe vesseholdupsby using
thereflux flow out of thevesselo controlthetemperatureatsomeloca-
tion in the columnsectionbelow. Thefeasibility of this schemes here
demonstrateéxperimentallyon a laboratoryscalemultivessekolumn.
The experimentalcolumnconsistsof a reboiler two intermediateves-
selsandaccumulatarwherewe separat@amixture of methanol-ethanol-
propanol-litanolinto almostpurecomponents.

The paperpresentshe first publishedexperimentalwork on the closed
operationof batchdistillation, aswell asthe first publishedresultson
theoperationof a multivessekolumn.

4.1 Intr oduction

In this paperwe studythe closed("total reflux”, "redistributive”) operationof a multivessel
batchdistillation columnwith temperatureontrol. Theaimis to confirmexperimentallythe
feasibility of this methodof operatiorwhichwasproposedy Skogestacetal. (1997),some
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early experimentalresultswere presentedn Wittgenset al. (1996). Sincethe multivessel
columnprovidesa generalizatiorof a corventionalbatchdistillation column,the resultsin
the paperalsodemonstraténow a corventionalcolumnmay be operatedn a closedmode.
We referto Skogestacktal. (1997)for amoredetailedreview of theliterature.

For corventionalbathdistillation, the closedoperationwherethe two final productsare
collectedin thecondensedrum(accumulatorandreboiler wassuggestethdependentlyy
Treybal (1970)andBortolini andGuarise(1970). Treybal writes that hefirst learnedabout
thetechniquerom Gustisonin 1958,and“hasfoundit mostuseful” andthatit “practically
runsthedistillation by itself”.

The generalizatiorof the closedoperationof corventionalbatchdistillation to the case
with severalvesselsalongthe column(the multivesselcolumn)wasproposedy Hasebeet
al. (1995).With N, vesselsalongthecolumn(includingreboiler condenseandintermediate
vessels)it is possiblen themultivessetolumnto obtain NV, pureproductsn asinglebatch,
andit wasalsofoundthatthe enegy efficiency of this schemas very good.

Treybal (1970) proposesas do all other authorsexcept Skogestadet al. (1997) that,
following the initial startupperiod,the accumulatoholdup(level) shouldbe kept constant
duringtheoperationusingalevel controlsystem.However, thisway of operations sensitve
to errorsin the feed composition(from which the level setpointis precomputedjnd to
errorsin thecontrolof thelevel. To correctthis,onemayintroducea correctionon the level
setpointbasedon compositionmeasurement@ortolini, 1970andHasebeet al., 1995),but
this makesthe control systemcomplicatedandrequireson-line compositionmeasurements.
To avoid theseproblems Skogestacetal. (1997)suggesto indirectlyadjusttheaccumulator
holdup(level) by usingthereflux to controlthetemperaturet somelocationin the column
sectionbelow (seeFigure4.1).

They shav throughsimulationsthat this simple way of operationworks very well, but
therehasbeenraisedconcernsaboutwhetherit would work in practice,especiallyfor the
multivessetolumn. Themaincontribution of this papelis therefore¢o demonstrat¢heprac-
ticability of theclosedoperationwith indirectlevel controlon alaboratoryscalemultivessel
batchdistillation column.

4.2 Multi vesseBatch Distillation Pilot Plant

A laboratoryscalemultivessebatchdistillation unit (seeFigure4.2)wasbuild to performthe
experimentaeededo verify the proposedontrol stratey. The chemicalsystemstudiedis
methanolboiling point7,; = 64.7°C'), ethanol(7;, = 78.3°C), n-propanol7,; = 97.1°C)
andn-butanol (7, = 117.7°C). This mixtureis fairly ideal with a relatively high relative
volatility (o ; > 1.7).

The objective wasto make the apparatusas simple as possible,andto avoid auxiliary
equipmensuchasreflux pumps.Thereforehecolumnsectionsandintermediatesesselsre
placedontop of eachother Theunit washbuilt in glassandcarefullyinsulatedo reduceheat
lossto thesurroundingsluringoperation.Theapparatuss operatectatmospherigressure.

The unit consistof areboilervessel4 | volume),two intermediatevesselq1 | volume
each),anda condensataccumulatof1 | volume). The four vesselsareconnectedy three
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Figure4.1: Control schemefor closedoperationof multivesselbatchdistillation column
with two intermediatevesseldor mixture methanol ethanol- propanol butanol.

pacledcolumnsectionof 420mmlengthand30 mmdiametemwhich arefilled with double-
woundwire meshringsof 3 x 3 mm madefrom stainlesssteelby Normschlif. Thenormal
heatinput to the reboileris about350 W, which at steadystateresultsin liquid andvapor
flows of about0.5mol/min.

Eachcolumnsectionis equippedwvith threechromel-alumel-thermocouplesacedin the
centerof the columncrosssection.Two thermocouplesreplaceds cmfrom eachendanda
third in the middle of the columnsection.The lattertemperatureneasurementasusedfor
controlpurposesTherefluxinto eachof the columnsectionscanbe adjustedoy meansof a
two-way solenoid(on-off) valve operatedy solid-staterelay€. Therefluxis introducedto
the centerof the column,slightly above the packingmaterial.

Therefluxinto eachsectionwasusedto controlthetemperaturén themiddle of thesec-
tion belov (asshavnin Figure4.1). For simplicity thesetpointof thetemperatureontrollers

1Becausef variationsin molecularweightthevolumetricliquid flows variesfrom about25 ml/min (vessel

1 from top) to 50 ml/min (vesseB).
2Therefluxflow is estimatedasednthecontrolsignalto thesolenoidvalve. Therelationbetweeropening

frequeng of thevalve andliquid flow hasbeenestablishedy calibration.
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T1

Figure4.2: Pilot plantscaledistillation column

weresetto the arithmeticmeanof the boiling pointsof the two componentso be separated
in the sectionT; = % - (Ty; + Tpi+1). Thechosercontrollertypefor the experimentss a
standardPl-controller which weretunedto beratherslow to avoid excessve controlaction
duringstart-upandin the presencef disturbances.

Thermocouplesirealsoplacedin theliquid phaseof the intermediatevesselsandin the
reboilerfor monitoringpurposesA secondhermocouplenstalledin the reboilermeasures
the surfacetemperaturef the heatingelementandthereboilerduty is adjustedoy control-
ling thetemperaturalifferencebetweernreboilerholdupandheatingmantle. The processs
interfacedto aPC-basedontrolsystemwith asamplingfrequeng of 1 Hertz. Productcom-
positionanalysisis performedoff-line by meansof a gaschromatographThe intermediate
vesselaresuppliedwith heatingtapesput afterproperlyinsulatingtheapparatushesewere
not usedfrom experiment4 onwards. Start-upof the experimentalsystemis alwaysfrom a
columnat roomtemperaturesuchthatthe liquid holdupin the reboilerhasto be heatedup
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to its boiling point.

After someinitial experimentsthe following start-upprocedurevasusedfrom experi-
ment5 andonwards:

e Thethreetemperatureontrollers(linking columntemperatur@ndrefluxto asection)
areactvatedassoonasvaporreacheshetop of the columnandliquid startscondens-

ing.

e Thereflux flow at the top of the column(L,) is setto a minimum valueof 5 ml/min
to ensurea minimumdegreeof separatiorandto avoid emptyingthereboiler Further
dueto condensatiorof vaporin the intermediatevesselsduring the start-upperiod,
liquid is regycledto the columnsections.

e Forsimilarreasonsverequireatary timethatL; > L, > L; onavolumetricbasis.

e Thefollowing Pl-settingsvereusedfor thetemperatureontrollers: K, = 2.88 mzble’
Tr1 = 7 min, T2 = 10 min andry 3 = 7 min.

4.3 Experimental Results

The experimentalresultsverify that the closedoperationwith temperaturecontrol indeed
worksin practice. A summaryof the experimentsaregivenin Table4.1. In the tablewe
givetheinitial feedcompositionaswell asthe molefractionof themaincomponentn each
vesselandthe impurity ratio in the intermediatevessel2 and 3 at the end of the experi-
ment. The impurity ratio givesanindication of in which directionwe have to changethe
temperatureetpointin thesectionadjacento avesseto achiese a certainproductquality.

For our mixturewith similar relative volatilities, we conjecturehatthe degreeof separa-
tion for acomponenin theintermediatevessels maximized( i.e. x; for themaincomponent
i is maximized)whentheimpurity ratio z;_, /z;,, is reasonablyloseto 1.

All experimentsvereperformedwith atotal liquid feedof approximately liter. Most of
the experimentswere performedwith the liquid chagedto the reboiler(start-upprocedure
1), exceptfor experiment4, 10, 11 and 14 were approximatelyl.5 liter of the initial feed
mixture was distributed evenly to the two intermediatevesselsand accumulator(start-up
procedure?) .

In Figures4.3to 4.5 we presentemperaturdrajectoriesin productvesselscontrolled
temperaturesn column sections,volumetricliquid reflux flows and the heatinput to the
reboilerfor threeselectedexperimentsno. 4, 7 and12. Experiments/ and12 usestart-up
procedurel whereasxperimentd usesstart-upprocedure. Toillustratetheoperatiorthese
experimentsarediscussedn somedetailbelow.
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Table4.1: Summaryof experiments
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Note: Theliquid was initially charged to the reboiler vessel,exceptfor the experiments

markedwith * whele thefeedwasinitially distributedto all four vessels.
Tempeature setpointsn all casesare T, ; = [71.5,87.75,107.2]°C
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4.3.1 Experiment 12: Feedinitially in reboiler

In Figure4.3 we showv asa function of time, the temperatures the vesselqa) andin the
columnsectiongb), the reboilerheatinput (c) andthe liquid flows to eachcolumnsection
(d) for experimentl2. Notethatthetime axisis definedsuchthatt = 0 whenthefirst liquid
startsflowing (L, > 0).

The start-upand operationof the columnis explainedby referringto Figure4.3 andis
asfollows: The feedchage is filled to the reboiler and heatedto its boiling point by an
electricalheater The boiling point of the feed mixture is reachedat aboutt = —0.15 A,
indicatedby theincreasan the columntemperature;. Whenliquid startscollectingin the
uppermostesselt = 0) thethreetemperatureontrollers’’C; areactivatedandreflux L; is
regycledto the columnsections.

Sincethe implementedoverride on the reflux flow controlrequireLy; > L, > L, the
refluxflowsfollow eachotherfor approximately0.5h. Fort > 1h, therefluxflow controllers
manipulateheflowsandthecolumntemperaturd; (Fig. 4.3b) approachheirsetpoints ;.
The controlactionof thetemperatureontrollersindirectly adjustthe level in vessels\/; to
M3 (not measured) Operationis continuedfor a pre-specifiedime (at least3 h) until the
columnapproachea steadystate®.

4.3.2 Experiment 4: Feedinitially distrib uted

Experiment, presentedh Figure4.4wasperformedwith start-upprocedure, thatis liquid
distributedover the column;approximately60 % of the feedchage wasfed to the reboiles
the restwasaddedto accumulato()/;) andintermediatevessel{ M, and M3). Theinitial
(feed) compositionwasidenticalin all vessels.The start-upwas performedin the follow-
ing order: All heatingelementsvereactivatedsimultaneouslyafter establishingraporflow
throughthe columnand continuouscondensatélow into the accumulatarreflux flow was
setmanually Manualreflux controlwasnecessaryo avoid thatalargeamountof subcooled
reflux enterthe columnandcauselooding. FromFigure4.4we seethatvessetemperatures
(a)andcontrolledcolumntemperaturefb) level outataboutt > 2 h. Experimend wasper
formedwith Pl-controltunings K¢ ~ 5.2 m%( andr; = 5 min; thesesomeavhatagressie
tuningsareresponsibldor the oscillatoricreflux flow from ¢ > 2.7 h. The experimentwas
stoppedatt ~ 5 h andsampledrom the productsweretakenandanalyzed.

4.3.3 Experiment 2: Product compositiontrajectory

Experiment2 wasperformedwith afeedmixture similarto experimentl2 andwith thefeed
chagedto thereboiler The Pl-controltuningsarethe sameasin experiment4.

Thecomposition®f themaincomponenin thevesselandthemostimportantimpurities
from experiment2 areshowvn in Figure4.6. Fromcompositionanalysiscanbe seenthatthe
primary purificationis finishedafterapproximately3.5 h for this experiment.

3with aholdupof about500ml in eachvesselndareflux flow in excessof 15 ml/min, the vessecompo-
sitiontime constanbn volumetricbasisis aboutr, = 500ml/15ml/min = 33min.
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Figure4.3: Experimentl2: Temperaturgesponsed vesselqa), in columnsections(b),
reboilerheatinput (c) andvolumetricreflux flows asfunction of time recordedrom experi-
ment12

Comparingthe trajectoriesof the main componentsn the vesselqFigure4.6, top) with
thesimulation(Figure4.9,top), we seethatthetrajectoriesaaresimilarin shapdor the purifi-
cationof themaincomponentsn accumulatgrintermediatevesselsaandreboiler Compara-
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bletrajectoriedor theimpuritiesin thevesseholduparefoundfor accumulatarintermediate
vesseR andreboiler
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Figure 4.4: Experiment4: Temperaturagesponsesn vesselga), in column sections(b),
reboilerheatinput (c) andvolumetricreflux flows asfunction of time recordedrom experi-
ment4
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Figure 4.5: Experiment2: Temperaturagesponsesn vesselga), in column sections(b),
reboilerheatinput (c) andvolumetricreflux flows asfunction of time recordedrom experi-
ment7/
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Composition profile, main component
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Figure4.6: Experiment2: Compositionof maincomponentgtop) andthe largestimpurity
(bottom)determinedrom experiment2

4.4 Simulation of experiment12

In this sectionwe presensimulationresultsfor asimpleequilibriumstagemodelwith condi-
tionssimilar to thosein experimentl2. The datausedfor the simulationsaregivenin Table
4.2. Thenumberof theoreticaktagewasadjustedo matchthe obsernedcompositionsatthe
endof theexperiment.

At start-upall liquid is fed to thereboilerandwe assuméhe columnis “hot”. Theinitial
reflux flow is setto L = 0 mol/h. We usePI-temperatureontrollerswith anoverrideaction
werethe minimumreflux flow are Ly > L, > L; onvolumetricbasisasdescribedn the
experimentakection.

The feed mixture containsmethanol,ethanol, n-propanoland n-butanol with boiling
pointsof the purecomponent®f T, ; = [64.7,78.3,97.2,117.7]°C. For simplicity the col-
umntemperaturés computedo bethe averageof theboiling temperature§” = va:cl X -
T, ; (this seeminglycrudesimplificationhaslittle effect onthe computedemperatures)As
describedn theexperimentakection thesetpointdor eachtemperatureontrollerwassetas
themeanboiling temperaturef thetwo componentbeingseparateth thatcolumnsection,
T,; = [71.5,87.75,107.2]°C.

We useproportional-intgral temperatureontrollersto manipulatehe reflux flow,

Li =K. - (i =To)+ 7 [¢ (T = Toa)dt
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with controllergainis K, = —2.88-_ andanintegraltime 7; = (7,10, 7] min asin the
experiment. Thetemperaturesensorgor control purposearelocatedcloseto the middle of
eachcolumnsection.In thesimulationwe usean“integer” numberof trays,numberedrom
thetop, thecontroltraysin thesimulationareTs, 17 andT5g, which correspondo traysT1,

T2 andT3 in theexperiment.

Table4.2: Simulationof experimentl2: columndataandinitial conditions

Simulation Experiment
Numberof components N. =4
Relative volatility o =[7.8,4.5,2.3,1]!
Total numberof stages Niot = 302
Numberof sections 3 3
Numberof stagegpersection N; = [12,9,9]
Initial Vesseholdups My = 0.01 mol My = 0 mol
Tray holdups My, = 0.01 mol unknown
Initial composition zio = [0.99,0.007,0.002, 0.001] unknown
Initial reflux flows Lip =0mol/h Lip =0mol/h
Final reflux flow Lis =30 mol/h Lioo ~27+2mol/h

Ly oo >~ 28 +2mol/h
L3 ~33+2mol/h

Vaporflow V2 o+ =32mol/h Vieo+ =~ 324 2mol/h
Visyoo =~ 30 mol/h Vissoo =~ 30 =2 mol/h
Total initial reboilerchage My = 55 mol My ~ 55 mol
Initial reboilercomposition zrp = [0.26,0.12,0.18,0.44] zr =~ [0.26,0.12,0.18,0.44]
+0.01
Final reboilerholdup M, = 25 mol M, ~ 24 + 2 mol

I Approximateddatafor mixture: methanol ethanol- n-propanol- n-butanol;

2 Determinedrom experimentaldata (roundedto the next integer) excludingreboiler (note
thatthereboileris a theoretical stage)

3 Thesteadystatevaporflowis computedromV ~ Qy/AH,p

Thesimulatedresponsefor vessella) andcolumn(b) temperaturepresentedn Figure
4.7 arein goodagreemenwith the experimentaldatain Figure4.3. One major causefor
differencesarethe neglectedheatlossfrom the intermediatevesselsn the simulation. Fur
thermorewe do not compensatéor possiblesubcoolingof the reflux flow. The volumetric
reflux flows (seeFig. 4.7 ¢) shov a somevhatdifferentresponsavith respecto theinitial
increasen refluxflow L; comparedo theexperiment(seeFigure4.3d), howevertheoverall
trajectoriesaresimilar.

With the temperaturesetpointsgiven, we achieve for a feedchage of M;,;; = 55 mol
anda compositionof zr = [0.26,0.12,0.18, 0.44] the steady-statéiquid holdupandcom-
positions(t — oo) givenin Table4.3. The achiezed productcompositionscomparewell
with the experimentalresult presentedn Table 4.1; the differencesn compositionare at
maximumz = 0.026 mole fraction units. Neverthelessconsiderablaifferencesetween
experimentandsimulationarefoundfor theimpurity ratio z; ;/z;,1. Thosedifferencesan
be partly explainedbecausave useanintegernumberof stagesn the simulations.
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Figure4.7: Simulationof experimentl2: Vessetemperaturga) andtray temperaturéb) and
volumetricreflux flow (c) asafunctionof time (to becomparedvith experimentakresultsin
Figure4.3)

In Figure4.9, we presentcompositiontime responsesf the main componentandim-
puritiesin thevesseldor the simulationof experiment12.

In Figure4.10we plot simulatedcompositionprofilesover the columnfor the four com-
ponentsfor timest = [0.5, 1,2, 3, 6]h. Theseprofilesshawv nicely how the individual com-
ponentsaccumulatelongthe the columnduring operation.The simulatedtemperaturgro-
file over the columnis presentedn Figure4.11. A pronouncedyradientin temperatures
obsenredcloseto thecenterof eachcolumnsectionwhichresultsin atemperatureneasure-
mentwith sufficient sensitvity for controlpurposes.
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Figure 4.8: Simulationof experiment12: molar vesselholdup (a), molar vaporflow and
molarreflux flow (b) asafunctionof time

4.5 Discussion

4.5.1 Main lessondrom the experiments

Following our initial proposalfor closedoperationwith indirectlevel adjustmenbasedon
temperatureontrol (Skogestacet al. 1997),concernsvereraisedthatthis would not work
in practice,for example,due to the possibility of non-uniqueness the specificationsor
otherunforeseemeasonsThe aim of this studywasthereforeto confirmexperimentallythe
feasibility of the proposedmethodfor operation.

The conclusionis thatthe experimentsalmostcompletelyverify whatwasfoundin the
simulationsandwe find thatit is very easyto operatethe columnin this way. Exceptfor
someinitial monitoring during start-upto make surethar the reboileris not emptied,the
columnessentially‘runsitself”. The only modificationsmadecomparedo the simulations
in Skogestadt al. (1997)wereto include someminimum liquid flows during the startup
period,andto addintegral actionto thecontroller Theintegral actionis neededo adjustthe
biastermfor liquid flows (in the simulationswe useda P-controllerandsetthe biasequalto
thevaporflow, L; o = V[mol/s], but this doesnot work in practice becauseve do not have
aperfectmodelanda constanandknown valueof the boilup).
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Figure4.9: Simulationof experimentl2: vesselcompositionga) andmajorimpurities(b)
asafunctionof time

Table4.3: Simulationof experimentl2: Steady-stat@oldupsandcompositions

| | Vessell | VesseP | VesseB | VesseH |

M 14.91 5.83 9.69 24.66
z 0.967 | 0.032 0.0 0.0
T2 0.033 | 0.947 | 0.044 0.0
z3 0.0 0.021 | 0.934 | 0.025
T4 0.0 0.0 0.022 | 0.975
$i_1/$i+1 - 1.52 2.00 -

4.5.2 Suggestiondor controller tunings

Pl-controllerswere usedto manipulatethe liquid flow to keepthe columntemperaturen
the middle of the sectionbelow at its setpoint. The operationdependssomeavhat on the
controllertunings;a highercontrollergain may give a someavhat fasterresponseput may
resultin a noisy responseand problemswith saturationof the manipulatedvariables.As a
startingpointfor the controllergainwe suggesthevalue

- __L
K. = AT,
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where L is the nominalliquid flowrate and AT, is the differencein boiling points of the

componentdo be separatedn the section. With this controllergaina changein composi-
tion corresponding full boiling point differenceis neededo make a liquid flow change

of 100 %. For example,for our experimentalcolumnwe have at the top of the column

(vessell) L/AT, = —20/13.6-2- = —1.47-"L_ andatthebottom(vessel) L/AT, =
—50/20.5m’fan = —2.45m7z?;lK. In the experimentswe useda somevhat higher controller
gainof K, = —2.88m’i’:fK (in all vessels).Also, recall from experiment4 that a gain of
K. = —5.3% wasfoundto betoo high asit gave a someavhatoscillatoryresponse.
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Figure4.10: Simulationof experimentl2: Evolution compositionprofile over column

Theintegral time usedin the experimentsvasabout5-10 minutes.Thisis about1/15 of
the time to evaporatethe entirefeed mixture (internalcirculationtime) which wasabout2
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hoursin our experiments.
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Figure4.11: Simulationof experimentl2: Evolution temperaturgrofile over column

4.5.3 Justification for column temperature control

In the experimentsve keepthe temperaturén the middle of eachcolumnsectionata given
setpointvalue by manipulatingthe liquid reflux into the section. The setpointvalueis es-
sentiallythe cut-pointtemperaturdetweerthe componentgfractions)to be separatedT his
controlstrateyy hasprovento bework very well, bothin simulationsandexperiments.

At first this may seemsomaevhatsurprising.For example,if we specifyTs, = 87.75°C
(middle of the column), thenthereis clearly an infinite numberof possiblemixtures of
methanol-ethanol-propanolstanol with this boiling temperature.However, thereis only
one binary mixture of ethanol-propanalvith this boiling temperatureso provided we are
ableto establistsomeinitial profilein thecolumn,therelationshipbetweertemperaturand
compositionis unique.
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Thus,thereseemdo be at leasttwo reasonsvhy the control strateyy basedon column
temperatureontrolworksin practice:

1. Steady-stateuniqueness.
Considermcolumnwith n—1 sectiongandthuswith n—1 temperatursetpointskepa-
ratingamixtureof n givencomponente acolumnwith afixednumberof theoretical
stages. We conjecturethat thereis then a unigue steady-stateelationshipbetween
the temperaturesetpointsandthe vesselcompositions.Furthermorethis relationship
is independenbf the initial feed composition,exceptfor someazeotropicmixtures
wheretheremaybe severalregions(Hilmenetal. 1999).

The conjecturehasbeenconfirmedby simulationsandthe experimentspresentedn
this paper It is alsoconfimedby the thermodynami@nalysisof Hilmen etal. (1999)
for ternarymixtureswho point out that the steadystatetemperatureprofile will be
identicalto thedistillation lines (which arecloselyrelatedto theresiduecurves.

2. Unique dynamic responsgno inverseresponsebehavior).
We conjecturethat the dynamicresponsdrom the reflux (manipulatednput) to the
temperaturen the sectionbelow (controlledoutput) hasno inverseresponséoeha-
ior (unstablezerodynamics;RHP-zeros)vhich may causecontrol difficulties. This
is basedon the assumptiorthat the temperaturedecreaseaswe go up the column.
An increasen liquid reflux will thenresultin decreasén temperaturén the column
sectionbelow.

4.5.4 Alter native control variables

We have establishedhat columntemperatureontrolworkswell. We agueherethatsome
of thealternatve scheme®.g. basedon vesselcompositionsor vessektemperaturewill not
work in practice.

Composition measurementof main componentin vessel

Thisis of coursewhatwe really wantto control. However, therearetwo seriousproblemsif
compositionis usedfor feeedbackontrol:

1. Steadystateconsiderations.
Most seriously the compositionspecificationgnay not be achiezable becausdhere
aretoo few theoreticaktagesin anothercase a givenspecificatiormaybe “too easy”
comparedo the numberof stagesandwe may quickly meetthe specificationn one
vessel. However, if we have not yet reachedhe specificationsn the othervessels,
thenwe will have difficulty trying to keepthe compositionat this “easy” value (as
confirmedby simualtions).

2. Dynamicconsiderations
Thedynamicresponsés not uniqueandinverseresponséehaior mayresultbecause
the effect of a changein reflux on compositionof the main componenin the vessel
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will dependon the distribution of the impurities. If the impuritiesare mostly heavy

componentthenwe needto “move” someof the vesselholdup down to the vessel
below, andanincreasen reflux (i.e. theflow out of thevesselwill increasdhe purity

of maincomponent.However, if the impuritiesaremostly light componentthenwe

needto “move” someof the vesselholdupup to the vesselabove, andanincreasdn

reflux will only make the situationworseby transferringthe main componento the
vesselbelon. Thus,the sign of the gainfrom reflux to compositiondependsn the
operatingpoint, andsucha systemis almostimpossibleto control.

Thesedifficultieshave beenconfirmedin simulations(Wittgens,1999).

Temperature measuementin vessel

This variablehasthe sameproblemwith respecto inverseresponséehaior asjust men-
tionedfor the compositionof the main component.In addition,we will have the “usual”
problemof sensitvity to measuremengrror and noisewhich is always encounteredvhen
we usetemperatur@sanindicatorof compositionfor a high-purity product.

In conclusionuseof columntemperaturegs simpleandalsoseemdo bethe bestmea-
suremento usefor controllingthe multivessekolumn.

4.5.5 Optimal operation

Therearesomedegreesof freedomfor optimizing the operation. Theseincludeinitial dis-
tribution of holdupsetpointtemperaturesgndcontrollertunings.

Simulationsandexperimentshave shavn thatthe exactvalueof the setpointemperature
is notimportantaslong asthe columnhassufficient numberof stagedor the desiredsep-
aration. Thususingthe averagebetweerthe boiling pointsis a goodchoicein mostcases.
Also, notethatwith a sufficient numberof stagesve may achieve ary desiredpurity in the
intermediateressel{seeSkogestacetal. 1997).

Theinitial holdupdistribution hassomeeffect, andit seemdrom simulations(Furlonge
etal. 1999andHasebeetal. 1999)thatin mostcasest is bestin termsof minimumbatch
time to chage the feedto the reboiler In additionwe have found experimentallythatit is
easierto establisha goodinitial compositionprofile with light componenin the top if we
chagethefeedto thereboiler

4.5.6 Closedoperation of corventional batch distillation

Our experimentalwork is for a multivesselcolumn, but obviously it also “simplifies” the
closedoperationof a corventionalbatchcolumnwherewe includeatop productvesselsee
Figure4.12).

Theclosedmodeof operatiorbasedn asingletemperatureneasuremeris very simple
andrequiresminimal operatorinterventionandmonitoring. For example,onecanleave the
columnby itself without having to worry thatwe will getbreakthrouglof heary component.
Simulationsalsoindicatethatit comparesvell with corventionalbatchdistillation from an
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enegy pointof view. It is thereforevery surprisingthatthereis no perviousmentionof this
modeof operation(seeFigure4.12)in theliterature,atleastto our knowledge.

Feed charge

Qp

Figure4.12: Control schemdor closedoperationof corventionalbatchdistillation column
(two-vessekolumn)

4.6 Conclusions

Theexperimentshowv very goodagreementvith the simulationsandconfirmthatthe mul-
tivesselcolumn can be easily operatedwith a simple temperaturecontrollers,wherethe
holdupsareonly controlledindirectly. For a givensetof temperaturesetpointswe confirm
thatthefinal productcompositionsareindependenof theinitial feedcomposition.
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V' Vaporflow kmol T molarliquid composition
y  molarvaporcomposition zr  Mmolarfeedcomposition
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Chapter 5

Alter native Control Structur e of
Multi vesseBatch Distillation

Abstract

The multivessel batch column presentedin the previous chapter
provides a generalizationof previously proposedbatch distillation
schemes.Compositioncontrol of this schemes necessaryf varying
feedcompositionsaredistilled in onecolumn. A simplefeedbackcon-
trol strategy, basedon temperatureneasurementsn the columnis pre-
sented.The feasibility of this strateyy for widely varying feedcompo-
sitionsis demonstratedy simulationsandits performanceés compared
to control structuresbasedon compositionmeasurementsinitial in-
vestigationon the start-upprocedureof the processwill be presented
which demonstratéhe versatility of the columnandits controlsystem.

5.1 Intr oduction

Themultiple heat-intgratedbatchdistillation column,or “multi-effectbatchdistillation sys-
tem” (MEBAD) (Hasebeet al. 1995)wassuggestedsan alternatve to a train of contin-
uouscolumnsfor the separatiorof a multicomponentmixture. A control schemeof this
configurationwas suggestedy Hasebeet al. (1992 and 1995). The proposedoperation
is characterizedby total reflux, in additionfrequentproductcompositionmeasuremerdand
re-optimizationof the vesselholdupis performed. An off-line optimizationof the vessel
holdup, and thus productcompositionwill not copesuficiently well with disturbancesn

feedcompositionor amount.

In its most generalcase,the multivesselcolumn designedfor the separationof N-
componentsvill consistof Ng-vesseland N — 1 columnsectionsvhich interconnecthe
vessels.The columnhasNs — 1-degreesof freedom thatis if we specify No — 1 holdups
(Hasebeet al., 1995)all productcompositionsare specified however, this openloop oper
ationis not robust concerningfeed-disturbancesA generalizedeedbackcontrol structure
of this columnconfigurations shovn in Figure5.1,themanipulatediariablesarethereflux
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flows out of vesseldl to 3, notethatmeasurediariablesareomittedin Figure5.1.

6| 1
L Voo
T Lzﬁl:
Vv .
12 @ M2 Xo
17| 2
22 o
\ Y_a*
23 1 M3 X3

28

Qb |M4

Figure5.1: Multivessebatchdistillation col-
umn

Compositioncontrol of the multivessel
batchdistillation columnis not as straight-
forward asexpectedrom conventionalbatch
distillation. Direct compositioncontrol will
consistof specifyingthe concentratiorof the
main componenin Nqo — 1-vesselsimulta-
neously andapplye.g. controllerswhich ad-
justthereflux flow to a columnsection.Pre-
vious work on multicomponentdistillation,
shaw thata single compositionspecification
in a multicomponentsystemnot necessarily
give a uniguesolutionwith respecto prod-
uctcompositionf singleloop controllersare
applied(JacobsemandSkogestad1991).

Alternative to a direct compositioncon-
trol, productcompositionestimationor con-
trol basedon secondarymeasurementss
suggested. Secondarymeasurementsre
frequently usedin distillation column con-
trol (Kister, 1990; Mejdell, 1990) primar
ily cascadedo productcompositionanaly-
sis, theseschemesn generalspeed-upthe
responsesuchthat a better control perfor
mances achieved. Applicationof secondary
measurementsen the multivesselcolumnis
straightforward, insteadof specifyingN¢s —
1-holdup, N¢ — 1-temperaturearespecified
(Skogestacketal. 1997). Of coursethis does
notapplyduringstart-up hevertheless time
increases binary separations performedn
eachsectionof the multivesselcolumn, thus
specificationof the temperatureof a binary
mixture (assumedonstanpressurejesultin
aunigquecomposition.

This chaptemwill outline the developmentof the control structure startingfrom an ini-
tially proposegolicy (Hasebestal. 1995)wheretheinitial feedcompositiorandits amount
is well known, thusthe final productcompositionscan de determinedby infrequentmea-
surement®f holdupsandtheir productcomposition.In section5.2 we outlinethe proposed
implementatiorof the multivessetolumnandpresentlynamicsimulationresultsof its open
loop (uncontrolled)operation this is, we keepthe vesselholdupsconstant.Control strate-
giesbasednthedirectcontrolof thecompositionby adjustingthereflux flow arepresented
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and comparedo the feedbackcontrol systempresentedy Skogestadet al. (1997). We
demonstratéhe feasibility of the feedbackcontrol structureand demonstrateéhat the final
productcompositions independenof feedcompositionsFinally, astart-upproceduranore
orientedon the practicalimplementatioron a pilot plantis consideredFor anintroduction
to theprocessandareview of theliteraturewe referto chaptersl.4 and3.

5.2 Total Reflux Operation

In this sectionwe follow Hasebeet al. (1995)and presentsimulationswhich demonstrate
the feasibility of the multivesselbatchdistillation undertotal reflux. This basicoperation
policy keepghevesseholdupconstantin practicethis canbeachiezedby fixing the height
of anoutletweir'.

The modelappliedis presentedn the appendixto chapter3. A summaryof datafor the
columnandfeedmixturefor the simulationexamplearegivenin Table5.1.

Table5.1: Summaryof columndataandinitial conditions

Numberof components N, =4

Total numberof stages Nyt = 33
Numberof sections N, = 3
Numberof stagegersection N; = 11
Vesseholdup M, = 2.5 kmol
Tray holdup M; = 0.01 kmol
Total initial chage M,y = 10.33 kmol
Refluxflow L = 10 kmol/h
Vaporflow V = 10 kmol/h

Thenumericalvalueof ratiosof therelativevolatilities is
chosento becloseto the experimentakystemnin the pilot
plant. Constantmolar flowsare assumed.

Theholdupof eachvesseis calculatedn adwanceby takinginto accountthe amountof
feed,feedcompositiorandproductspecificationsAfter feedingthe predescribe@amountof
raw materialto the vesselgidenticalholdupsandcompositionsn eachvessel) total reflux
operationwith constantvesselholdupis carriedout until the compositionsin all vessels
satisfytheir specifications.

Thedistribution of liquid overthevesselsorrespondso a start-upfrom a“hot” column,
thisis, aninitial compositionprofile over the entirecolumnaswell asflows andholdupsare
establishet!

INotewe assumeonstanimolarvolumeanddensity

2Basicallywe assumehatthe entirecolumnis filled with afeedmixture at boiling point. Onemight argue
thatthis is a rathercrudeassumptiorsincethe light componentire supposedo accumulaten the upperpart
of the column,while the heavier tendto accumulatén the bottom. Neverthelesshe simulationsshav thatthe
transientphasefrom assumedstart-upconditionto operation(initialization phaseof the simulation)is short
comparedo the durationof the simulatedoperation.
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Typical simulatedcompositionprofilesasa function of time areshawvn in Figure5.2 for
afour-componentnixture with aninitial feedcompositionof

zpy = [0.25,0.25,0.25, 0.25] (5.1)

The simulationis terminatedwhen either the productspecificationsn all vesselsare
fulfilled, thatis

Zapee > [0.99,0.95,0.95,0.99] (5.2)

or the derivative of all compositionds lessthandz/dt = 1075, which is definedassteady
statecondition. As time goesto infinity the steadystatecompositiongpresentednh Table5.2
areachieved, additionalthe compositionprofile of the four component®ver the distillation
columnis shown in Figure5.3. The operationpolicy of keepingthe holdupof the vessels
constantmay be difficult to achieve in practiceandalsois very sensitve to errorsin the
assumedeedcomposition.

Consideringa casewherethe actualfeedcompositionis

2ps = [0.30,0.10,0.40, 0.20] (5.3)

but the holdupof eachvesseis equalto the examplewith feedcompositionzg; in Eq. 5.1.
This resultsin large changesn the final vesselcompositionsas seenfrom Table5.3. For
example,the purity in vesseP is reducedrom z, = 0.959 to z, = 0.404. The compaosition
profile for feedmixture zz, over the distillation columnat steadystateis shavn in Figure
5.4for the constantolduppolicy.

(@) Composition profile, main component

0.75f

05t
0.25f ===

0.45f

0.3}.°

0.15f

0.0 : : :
0 0.5 1 15 2 25 3

time [h]

Figure5.2: Constanvesseholdup(openloop): Compositiorresponsén accumulatofM1),
vessel (M2), vesseB (M3) andreboiler(M4) for feedmixture zg
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Table5.2: Constanwvesseholdup(openloop): Steadystate(t = oo) compositionfor initial
feedcompositionzg

| | Vessell | VessePR | VesseB | VesseH |

M, [kmol] | 25 2.5 2.5 2.5
7 0.993 | 0.017 | 00 0.0
2 0.007 | 0.959 | 0.025 | 0.0
3 0.0 | 0.024 | 0.963 | 0.004
74 0.0 0.0 | 0012 | 0.996

Table5.3: Constantvesseholdup(openloop): Steadystate(t = oco) compositionfor initial
feedcompositionzg -

| | Vessell | VesseP | VesseB | VesseH |

M; [kmol] 2.5 2.5 2.5 2.5
xy 0.999 | 0.203 0.0 0.0
T 0.001 | 0.404 | 0.001 0.0
T3 0.0 0.393 | 0.999 | 0.180
T4 0.0 0.0 0.0 0.820

Composition profile, z -

M1f-

<
N

column position

<
w

0.5 1
composition

Figure5.3: Constantvesselholdup (openloop): Steadystate(t = oc) compositionprofile
over columnfor feedcompositionzy ;

To compensatéor thesefeedvariationsHasebeet al. (1995) proposea rathercompli-
catedalgorithmfor adjustingthe holdupbasedon measuringhe compositionandholdupin
the vessels.An off-line optimizationis performedto computenew setpointsfor the vessel
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holdup,thesearethenimplementedsubsequentlypy temporarilyadjustingthe reflux flow.
Total reflux operations resumedor a predefinedime andthe cycle of measuringhevessel
composition setpointcomputatiorandimplementationis repeatedintil the productcompo-
sition requirementsarefulfilled.

Composition profile, z 2
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composition

Figure5.4: Constantvesselholdup (openloop): Steadystate(t = oo) compositionprofile
over columnfor feedcompositionz,»

It is shavn (Table5.3 andFigure5.4) thatthe fixed vesselholduppolicy will not work
if theinitial feed compositionis differentfrom the designfeed and an openloop control
schemas implementedfixedvesseholdup).A compositioncontrolhasto beimplemented
to ensurethat productcompositionrequirementsrefulfilled. The above proposedscheme
of indirect compositioncontrol (Hasebeet al. 1995)is rathercomple, it requires,level
and reflux control loops, instrumentatiorfor compositionanalysisas well as an off-line
optimization.

5.3 Composition control by feedback

Theneedof areliableandsimpleto implementcompositioncontrolhasbeendemonstrated
by the introductoryexample (seesection5.2). In the following sectionswe choosesome
meansof feedbackcontrol of the productcomposition,namelyby temporaryadjustingthe
reflux flow out of the vesseldasedon someon-line measurement-eedbaclcontrol struc-
turesemploying productcompositioncontrol are presentedn section5.3.1and5.3.2. In
section5.3.3and5.4 controlschemesvith indirectcompositioncontrolarepresented.

An exampleof a flowsheetof the multivesselbatchdistillation columnwith feedback
control structureis shavn in Figure5.1. The separatiorof a mixture containing/ N, com-
ponentgequire N, vesseland N, — 1 controlloops. The controllers(C;) adjustthe reflux
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flows (L;) outof thevesselg M;) above thatcolumnsection.Thisenablesanindirectcontrol
of theholdupsin thevessel3

The operationof the columnhasto be performedsuchthatoperationaproblemse.g. a
refluxflow is reducedo L; = 0 or drainingof thevesselareavoided. Therequirementthat
all refluxflows L; > 0, ensureshatlight componentareremovedfrom thevesselgconstant
draining) and propagatgowardsthe top of the columnwhile heary componentare moved
towardsthe bottomof the column.

5.3.1 Feedbackfrom vesselkcomposition

A direct compositioncontrol schemefor 1
the multivesselbatch distillation column is
showvn in Figure5.5, for simplicity only one
of the intermediatevesselss presentedthe
entire column with an alternatve feedback
controlschemas presentedh Figure5.1.

The proposedfeedbackcontrol scheme
consistsof compositionanalysis(e.g. gas
chromatograph),a reflux controller (CC;)
anda reflux valve. The setpointof the three
necessaryreflux flow controllers CC;* are
givenby thefirst threeproductcompositions
(seeEq.5.2).

It is assumedthat each gas chromato-
graphhasasamplingimeof = 0.2 h°. The
columnis initialized with thefollowing start-
up Conditions:feedCompositionzF2 and”q_ Figure 5.5: Feedbackcontrol structurefor
uid feed at boiling point evenly distributed multivesselbatch distillation, Compaosition
overthecolumn(M; o = 2.5 kmol). controlin productvesselV;

Forthepresentedimulationssingleloop Pl-controllersarechosenthecontrolalgorithm
is:
TI

b1
Li = Kc - <(xs,i — .’131) +/ —(iﬁs,i — xz)dt> -+ Lz’,O (54)
0

whereL, j is thesteadystaterefluxflow to asection.Thecontrolparameteraresummarized
in Table5.4

3Note, we conjecturethat no level controlleror level measuremeris necessaryeven thoughit hasto be
ensuredhatvesselarenotemptiedduring operation.

4The closedprocesshasthreedegreesof freedom,suchthat, if threeproductcompositionsspecifiedthe
entiresystemis specified.

SNote, the analysistime of the gaschromatograplis chosenaccordingto the equipmentwhich wasused
durig the experimentalwork, seesection4
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Table5.4: Vessekcompositioncontrol: Datafor compositioncontrollers

composition| Com- | setpoint| gain | reset| bias location
controller | ponent| =z, K, time Lo composition
kmol/h | 1/h | kmol/h sensor
cCy 1 0.99 0.5 2 10 M,
CCq 2 0.95 0.5 2 10 M,
CCs 3 0.95 0.5 2 10 M;

The controller gain was chosento K¢ = 0.5 kmol/h (for a deviation of z; = 0.1
from the setpoint,the reflux flow is changedoy AL = 0.05 kmol/h). The controllerreset
time (integral time) wassetto 7; = 2 h (estimatedrom 7; > 8 - ), anda controllerbias
Ly = 10 kmol/h whichis identicalto the vaporflow. The controllertuningwasdetermined
from trial anderror, primarily to avoid oscillationsof the controlloops.

In Figure 5.6 the vesselcompositions(a), main impurities (b), vesselholdup (c) and
reflux flows (d) asfunctionsof time arepresentedThe simulationgave infeasibleresults at
t > 4.2 h nggative holdupin vessel2 are obsened (seeFigure5.6c),becausef the reflux
flow outof vesseR and3 (L, and 3, respectrely) areat all timeslargerthanthereflux flow
L, from vessell (seeFigure5.6d) .

In Figure5.7 the compositiontrajectoriesof all four componentsn vessel (top) and3
(bottom)areshawn. Inspectinghetrajectoriesn vesseB att ~ 2 h show thatthecontroller
gainhasto changesignduringthecourseof operation.Thevessecompositionsloseto this
pointarepresentedn Table5.5. Froma control point of view thereflux flow controllerhas
to changesignatt = 1.9 h:

e t < 1.9 h: theapproacho setpointis describedoy Az = z;, — x5 > 0 with 24 > z5:
anincreasan reflux L (AL > 0) is requiredsinceheavier thankey componentasto
beremovedfrom this vessel

e t>19hstll Az = 2, — x5 > 0 butwith z, < x, atemporarydecreasén reflux L
(AL < 0) isrequired

Evenif in both caseqt # 1.9 h ) a positive deviation from the setpointis obsered,
reflux flow hasto be changedn oppositedirections,which in turn requiresa changen the
controllergainfrom K¢ > 0to K¢ < 0.

Table5.5: Vesselcompositioncontrol: Compositionin vesselB

time Ly M Comp.1 | Comp.2 | Comp.3 | Comp.4
[h] | [kmol/h] | [kmol] T To T3 X4
1.4 | 10.161 | 2.842 | 0.009 0.031 0.897 0.063
19 | 10.123 | 3.037 | 0.002 0.021 0.951 0.026
24 | 10.124 | 3.259 | 0.001 0.060 0.929 0.010
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(&) Composition profile, main component
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Figure5.6: Vesselcompositioncontrolfor feedmixture zx 5, vesselcomposition(a), impu-
rities (b), holdup(c) andreflux flow (d) asafunctionof time

Similar conditionsapply to vessel2 (seeFigure5.6 top), att > 1 h, concentratiorof
componentl is still increasing.The reflux flow out of vesselR shouldtemporarilydecrease
to allow for heavier componentso entercolumnsection2 andfinally accumulaten vesseP.
Further it canbeseenfrom Figure5.6thatwith the now implementedeflux flow controlleg
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L, > Ly, suchthatvessel2 is emptied. Note, that a cascadecontroller consistingof an
innerloop adjustingthe holdupof the vesseby temporaryadjustingthe reflux flow andan
outercontrolloop with anon-line compositionmeasuremerddjustingin the setpointof the
level controllerwill have similar performanceroblems.

Composition vessel 2

II'/I)/(2(M2)

-~ ~ ‘. v

) R I R e i Iy e p——— - o
)
,

Composition vessel 3

Figure5.7: Vessecompositioncontrol: Compositionsn vesseR and3 asafunctionof time

5.3.2 Feedbackfrom control tray composition

A controlstructurewheretray compositionfrom the centerof eachcolumnis appliedto ad-
justthereflux flow is investigatedIn Figure5.8 a controlstructurewith directmeasurement
of the (liquid) tray compositionis presentedA liquid sampleis takenfrom trays6, 17 and
28 (seeFigure 5.1 for the column configuration)and on-line analyzedby meansof a gas
chromatographThe compositionmeasuremerttasa time delayof § = 0.2h. The control
parameteraregivenin Table5.6.

In Figure 5.9 the compositionof the main componentga) and main impurities (b) in
the vesselsas function of time are presented. The productcompositionsare satisfiedat
t = 3.07 h, distillation hasto be stoppedn theinterval 3.07 < ¢ < 3.4 h. Att > 3.4 h the
productcomposition®f vessel and3 arenotlongersatisfyingthespecificationsdistillation
hasto proceeduntil ¢ = 10.88 h, atthistime all four productcompositionsrefulfilled again.
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Table5.6: Tray compositioncontrol: Datafor compositioncontrollers

composition| location Com- | setpoint| gain | reset| bias
controller | composition| ponent|  z,; K, time Ly
sensor kmol/h | 1/h | kmol/h
cc, 6 1 0.5 0.5 2 10
CCy 17 2 0.5 0.5 2 10
CCs 28 3 0.5 0.5 2 10
* locationof controltray, countedfrom top to bottom.
! In Figure 5.9 the trajectoriesof holdup

(c), reflux flow (d) andcontroltray composi-
tions(e)arepresentedThetrajectorieof the
tray compositiongseeFigure5.9e) showv ex-
tensve changesn tray compositionsdueto
thefactthataconsiderablamountof compo-
nentshasto be movedbetweervessels.The
extensve changeson the control tray (time
intenval 0.2 < ¢ < 3) havesimilarcontrolim-
plicationsasaninverseresponsewhich will
limit the speedof controlconsiderablyThus
aratherslow controllertuninghasto be cho-
senwhich allow for a settling of the control
tray compositiongowardsthe setpoints.An
increasan controllergain,alternatve reduc-
tion in integral time constantesultin drain-
ing of vesseR (seeFigure5.9c).

Figure5.8: Tray compositioncontrol: Feed-
backcontrolstructureapplyingmeasurement
on controltrays6 (z1), 17 (z3) and28 (z53)

The compositionprofiles over the columnat timest¢ = [0,0.5,2,3.1] h areshowvn in
Figure5.10. Note, for simplicity the compositionprofile at¢ = 10.88 h is omitted since
it is closeto the steadystateprofile shavn in Figure5.3. The simulationresultsshov that
purificationof the four componentgalongthe columnis feasible provideda suitablecontrol
systemis applied.

Compositioncontrol by measuringhe productcompositionin the centerof the column
andadjustingthereflux basednthis measuremerns possible Neverthelesstherathertight
time interval whereall four productcompositionsare satisfiedrequiresa carefulprocedure
to determinethe shutdavn of thefacility. ComparingFigures5.9 (a) and(e) shows thatad-
ditional to the tray compositionmeasurementgsedfor control,compositionmeasurements
placedin eachvesselare necessaryo determinethe exacttime whenall productcomposi-
tion specificationsaresatisfied.If productwithdrawl is not performedin the time-window
3.07 < t < 3.4 h, distillation hasto proceeduntil ¢ = 10.88 h, which correspondo an
approximatelythreefoldenegy consumption.
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Table5.7: Tray compositioncontrol: Productcompositionfor initial feed compositionz g
att = 3.07h andat steadystatet = 10.88 h

| time | | Vessell | VessePR | VesseB | VesseH |

M; [kmol] 3.07 0.87 4,12 1.94

1 0.991 0.011 0.0 0.0

t=3.07h Ty 0.009 0.950 0.015 0.0
T3 0.0 0.039 0.970 0.003
T4 0.0 0.0 0.015 0.997

M; [kmol] 3.06 0.74 4.21 1.99

T 0.993 0.016 0.0 0.0

t =10.88h To 0.007 0.970 0.044 0.0
T3 0.0 0.014 0.95 0.007
Ta 0.0 0.0 0.006 0.993

Due to the difficulty to determinethe correcttime for shutdavn of the facility andthe
extensie control signal variations,temperatureneasurementare introduced. In Figure
5.11thetemperaturgrofile over the columnattimest = [0, 0.5, 2, 3.1] h is presentedThe
temperatur@rofile shav threeregionswith rathersteepgemperaturgradientiearthecenter
of eachcolumnsection.

5.3.3 Feedbackcontrol basedon tray temperatures

Fromthe introductoryexample(seeFigure5.3in section5.2) we seethata pseudo-binary
separations performedin eachcolumnsection. Assuminga binary separationa unique
solutionof therelationbetweercompositionin a columnsectionandmeasuredemperature
is given. The needfor a morerobust, reliable andfastercontrol systemwas establishedn
section5.3.2andtemperatureneasurementshereintroduced.

In thefeedbackcontrolstructure(seeFigure5.12)temperaturesensorgprovide theinput
signalfor theindividual reflux controlloops,thesesensorsarelocatedin the middle of each
columnsection.The setpoints 1 ;, for eachtemperatureontrollermay be, in the simplest
case setasthe averageboiling temperaturef the two componentdbeingseparatedn that
columnsection,thesesetpointsareusedin the simulationspresentedelow. Alternatively,
they maybe obtainedby steady-statealculationgo geta desiredseparationor they maybe
optimizedwith respecto minimumbatchtime or enegy consumption.

5Thetray temperaturearecomputedrom T; = Ef{c x; - Tp,; With Tp = [64.7,78.3,97.2,117.2]°C as
boiling pointsof the purecomponentsseechapter3 for detailson the model.
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(a) Composition profile, main component
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Figure5.9: Tray compositioncontrol for feedmixture zx,: Vesselcompositionga), main
impurities(b), holdup(c), reflux flow (d) andtray compositiongd) asa functionof time
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to 4, zpo att = [0,0.5,2,3.1]h
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Figure 5.11: Tray composition control: Temperatureprofile over column at ¢t =
[0,0.5,2,3.1]h
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Thefeasibility of our proposedontrolschemas demonstratetly the samecolumncon-
figurationasstudiedabove (seeTable5.1). The utilized controllersare simpleproportional
controllersasgivenin Table5.8. The controllergain K, is chosensuchthat an off-set of

10 °C resultsin achangeof 2.5kmol (25 % of the steadystateflow).
Theproportionalcontrolalgorithmis:

L =K,

- (Ts,i

whereL,; , is the steadystatereflux flow to a section.

—T;)+ Ly

Table5.8: Tray temperatureontrol: Datafor temperatureontrollers

temperaturg| setpoint gain bias | location
controller Ty, K, Ly
°C kmol/(°C h) | kmol/h *
TC, 71.50 -0.25 10 6
TCy 87.75 -0.25 10 17
TC3 107.20 -0.25 10 28

* countingtop to bottom

To demonstrateéhat the proposedcontrol schemds insensitve to the initial feedcom-
positionwe usetwo differentinitial feed compositionszr; (Eq. 5.1) andzx» (Eq. 5.3).
With the given controller settingsand chosensetpoints(seeTable 5.8), in both casesthe
samesteadystatecompositionsarereachedast — oo (seeTable5.9). Thesesteadystate
compositionsarevery closeto thosefoundearlierfor feedmixture zx; for aconstanvessel
holdupof M; = 2.5 kmol, compareTabless.2and5.9. Howevertheresultingholdupsin the
vesselaredifferentin eachcaseasshown in Table5.10. The new feedbackpolicy ensures
thattherequiredproductqualitiesareachievedirrespectve of theinitial feedcompositiorby
redistritution of theliquid holdupalongthe column. For feedmixture zz » thevesseholdup
variesfrom 0.788 kmol for vessePR to 4.159 kmol for vesseB.

In Figures5.13 and 5.14 the vesselcompositions(a), main impurities (b), the vessel
holdups(c), thereflux flows (d) andcontrolledtray temperaturege) areshovn asa function
of time.

The compositionprofilesasa function of time for feedbakcontrolwith tray temperature
control are shavn for mixture zg; (Figure5.13,a andb) and zg, (Figure5.14,a andb).
The compositionresponsesor feed mixture zx; for the feedbackcontrol operationpolicy
arequitesimilarto thosefor the casewith constantoldup(seeFigure5.2). Theapproacho
steadystateis somavhatfasterin vessell and4 andslowerin vesselR and3 for the control
structureemploying temperatureontrol. On the otherhandwith feedcompositionzg» the
new policy ensureghattherequiredproductqualitiesareachieved. Thisis seenfrom Table
5.9 andis further demonstratedn Figures5.14 (a) and (b) which shov the composition
profilesin thevessels.

For feed mixture zr, the purificationof the holdupin vessels2 and3 is considerably
slower thanin the accumulato/;) andreboiler(A4,) comparedo feedmixture zz; (see
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Figure5.12: Tray temperatureontrol: feedbackcontrol structure

Figure5.14aandb). Theslowerapproacho steadystatein the caseof thefeedbackcontrol
structurds causedy temporarychangesn reflux (comparedo it’ ssteadystatevalue)during
theinitial time of operation.Thefeedbaclkcontrollersareactivatedon start-upandtheinitial
temperaturen the column (averageboiling point of the mixture) is ratherhigh/low in the
upper/laver columnsectioncomparedo it’s intendedfinal temperature.This temperature
profile resultsin a ratherhigh reflux flow in the uppermostcolumnsection(reflux L, see
Figure5.13d and5.14d) suchthatlight components forceddownwardstowardsvessel.
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Table5.9: Tray temperatureontrol: Steadystatecompositiondor feed mixtureszz; and

ZF2

| || Vessell | VessePR | VesseB | VesseH |

z1 | 0.993 | 0.016 0.0 0.0
zo | 0.007 | 0.967 | 0.034 0.0
T3 0.0 0.017 | 0.960 | 0.007
T4 0.0 0.0 0.006 | 0.993

Table5.10: Traytemperatureontrol: Steadystateholdupdistribution for feedcompositions

RZF,i

| Vessell | VessePR | VesseB | VesseH |

feed M, M, M, M,
[kmol] | [kmol] | [kmol] | [kmol]

zry | 2.506 | 2.452 | 2512 | 2.530

zro | 3.053 | 0.788 | 4.159 | 2.000

A similar situationexist for vessel3, wherethe ratherlow temperaturen columnsection3

resultsin low reflux flow L3, suchthatthe holdupin vessel increasesThe excesdiquid in

vesseR and3 hasto beredistritutedto vessell and4 which canbeseenin Figure5.14e.
Threeremarksabouttheresults:

e In Figures5.13(e) and5.14(e) it is obseredthatthe controlledtemperatureseach
their setpointl” — T, ast — oo, eventhoughonly proportionalcontrollersareused.
Thisis possiblesincewe know the steadystatevaporandliquid flow exactly, thuswe
cansetthecontrollerbiassuchthat L, = V... With theappliedcontrolalgorithm(see
Eq.5.5)wehave L; = K. x (T,; —T;) + Lipwith T, ; — T; ~ 0 for t — oo and
Lo =Vy'.

Providing thatthe steadystateflows areunknown, alternatvely on a pilot plantwere
volumetricor massflows areusedfor controlpurposegL # V') aPl-controllerwill be
necessarythis will beshawn in section5.4 aswell asin the experimentalverification
presentedn chapterd.

e With temperatureontrolwe achieve the samesteadystatecompositionsn thevessels
independentf theinitial feedcompositiononly vesseholdupsdiffer at steadystate).
Thereasons thatthe columnhasonly threedegreesof freedomat steadystateandif
we fix threetemperatureatthreelocationsin thecolumn,thenthetemperaturerofile
overthecolumnattotalrefluxis determinedif we assumehatwe donothave multiple
steadystates).Multiple solutionsarenot likely whentemperaturegare specified but
may beencountered we specifythe compositionof agivencomponent.

"Thisis a correctionof the statemenmadein chapter3
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Feedcomposition zz

(a) Composition profile, main component
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Feedcomposition zz

(a) Composition profile, main component
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e Inspectingthe temperaturerajectorieson tray 17, shovn in Figures5.13 (e) and

5.14 (e), a slight inverseresponsds obsened. This inverseresponse dependent
on the ratio of the lighter to heavier than the componentwhich is purified in this
section. In section2, the steadystatetray compositionis supposedo be z; ~
[0.0,0.5,0.5,0.0]. Theinitial tray compositionsarezz; = [0.25,0.25,0.25, 0.25] and
zro = [0.30,0.10,0.40, 0.20]. Consideringthe choseninitial liquid distribution, for
feed mixture zx; approximatelyl.25kmol of component3 have to be moved from
vesselsl and 2 to vessel3. For feed mixture zg, this amountis in the orderof 2
kmol, approximately60 % higher Sincethetransportof components performedn a
similartime spantheinverseresponsén 717; for zx, is morepronouncedhanfor zz;.
Consideringa feed mixture werethe initial concentration®f componen® and3 are
exchangedthetrajectoryof 717 will bethe mirror imageasthe oneshown in Figure
5.14(e).

In Figure 5.15 the compositionprofile over the columnfor feed compositionzz, are
shown for timest¢ = [0,0.5,1.5,3.5]h. The compositionprofiles presentedn Figure 5.3
(constantolduppolicy with designfeedz ;) arecloseto thosepresentedn Figure5.15for
feedcompositionz » with tray temperatureontrol.
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Figure5.15: Tray temperatureontrol, feed mixture zo: Compositionprofile over column
att = [0,0.5,1.5,3.5]h

Figure5.16shovsthetemperatur@rofile overthecolumnfor timest = [0, 0.5, 1.5, 3.5]A.
The S-shapeof thetemperaturgrofile in eachsection,with arathersteeptemperaturgra-
dientat the centerof the columnsectionsconfirmthata sensompositionedin the centerof
eachcolumnsectionenablesensitve control of the vesselcomposition. The composition
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in the vesselcanbe adjustedby keepingthe sensorocationandchangingthe temperature
setpointwhichwill move the profile accordingly
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Figure5.16: Tray temperatureontrol, feedmixture zg,: Temperaturgrofile over column
att = [0,0.5,1.5,3.5]h

5.4 Alter native Start-up Procedure

We have alsoperformedsomesimulationsto studythe start-upfor the casewhenthe entire
feedmixtureis chagedto thereboiler(andnotdistributedto thevesselsasusedin theprevi-
oussections).Investigationson the start-upof corventionalbatchdistillation columnswere
presentedy SgrensemndSkogestad1994). They foundthatdifferentstart-upprocedures
for abatchdistillation columnareonly of limited influenceon the total batchtime. Further
the non-uniquerelationbetweencompositionandtemperaturef asmulti-componenimix-
ture might rise to operationaproblems.Especiallyduring start-upof the unit, temperature
in the columnsectionss subjectedo considerablehangessuchthat somecarehasto be
takento avoid excessve controlaction.

The initial conditionsfor the start-upinvestigationsare summarizedn Table5.11, all
remainingspecificationgreshovn in Table5.1.

The start-upof the multivessebatchdistillation columnwasperformedasfollows. The
reboilerwasfilled with aninitial feedchageof M; = 10 kmol with acompositionof zg,
(seeEq. 5.3). TheaccumulatorM, the intermediatevesselsandall trayswerefilled with
M,; = 0.01 kmol with ainitial compositiorof z;,,;; (seeTable5.11). Thevaporflow leaving
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thereboilerwassetto aconstantalueof V. = 10 kmol/h overthewholesimulationtime®.

Table5.11: Traytemperatureontrolwith alternatve start-up:Summaryof initial conditions
for the start-upof multivessebatchdistillation columnunderPI-control(t = 0 h)

Reboilerholdup My = 10 kmol
Reboilerfeedcomposition zg, = [0.3,0.1,0.4,0.2]
Vesseholdup M;.; = 0.01 kmol

Tray holdup M, = M;; Ny = 0.33 kmol
Initial composition Tinit = [0.90,0.04,0.04,0.02]

Start-upfrom “empty” vesselds performedwith Pl-controllerswith the tuningparame-
tersandsetpointpresented Table5.12,thelocationof thetemperatursensorss identical
to theonegivenin Table5.8. Theratherlong resettime 7; of theintegral actionis choserto
achieve a smoothstart-upandavoid extensve controlaction(e.g. saturatiorof manipulated
variableor drainingof the vessels).The control actionof the PI-controllersis limited to be
in theinterval of 2 kmol/h < Ly, < 20 kmol/h. Thelower limit on thereflux flow is
choserto preventdrainingof thereboilet

Table 5.12: Tray temperaturecontrol with alternatve start-up: datafor temperaturecon-
trollers

temperaturg| setpoint| gain resettime | bias | location
controller T, K. * TI L sensor
°C' °C'/kmol 1/h kmol [h *
TC, 715 -0.25 1 10 6
TCy 87.75 -0.25 1 10 17
TCs 107.2 -0.25 1 10 28

* countedfromtop to bottom

The resultsindicatethat the temperatureontrollerscanbe activatedimmediatelyafter
start-upor possiblyafterashortperiodwith total reflux. Thevesselsarethenslowly filled up
by actionof thetemperatureontrollerswhich reducethereflux flows for a transientperiod.
Neverthelessthe simulationsindicatethatoneshouldexercisesomecareto avoid emptying
thereboiler(seeFigure5.17c).

In Figure5.17we presenthe compositiorprofilesin thevesselga), mainimpurities(b),
holdupresponséc), thereflux flow (d) andthe controlledtray temperatureg¢e) understart-
up. ThePI-controllersareactivatedat startup, with aninitial refluxflow of L; = 10 kmol /h,

8Note,asin thepreviouspresentedimulations seeSections.3.3,we neglectanextensivetotal reflux period
during start-upandassumehatwe startfrom a columnfilled with boiling liquid of someinitial composition
Zinit). Startingfrom a“cold” columnwouldrequiretime to heatup thefeedmixture plusa certaintime of total
reflux operationto establishholdupin intermediatevesselsaandon all trays. Thistime will beidenticalfor all
simulationsregardlesof the choserstart-upprocedureFor simplicity we have neglectedthis periodof time.
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the controlleractionadjustthe reflux flow immediatelyafter start-upandthe intermediate
vesselarefilled slowly. Thetuningof the Pl-controllergespeciallyintegral time) is chosen
suchthat overshootin the controlled column temperaturgZ; in Figure 5.17 e) is small,
suchthat only minor amountof heavier componentwith respectto the main-component
in a given section,are carriedupwards. In Figure 5.18 the compositionprofiles over the
columnare showvn for t = [0,0.5, 1, 4]h, the specifiedproductcompositionare achieved
afterapproximatelyd hours,steadystateis achiezedat approximatelyl0 hours.

Temperaturgrofiles over the multivesselbatchdistillation columnwith the alternatve
start-upprocedurearepresentedn Figure5.19.

Thetwo controlschemesveretemperatures usedascontrollerinput signalaresignifi-
cantly differentwith respecto the start-upprocedureandcontrollertypes,further different
methodsof initialization areapplied.

e Proportional-onlycontrollersaresuficientfor the casewhereliquid is distributedover
the column during start-up, provided the controller bias is chosenidentical to the
steadystatereflux flow and boiling liquid with identical compositionis distributed
over all vesselsandtrays. Becausef the chosennitial composition ratherextensve
deviationsbetweencomputedemperatureandthe setpointin the sectionis obsened
for temperatured andT,s. The intermediatevesselsouild a buffer betweenliquid
enteringfrom a sectionandreflux leaving the vesselgFigures5.14and5.17) where
refluxflow L, > V fort < 1 h). Clearly, if suchanextensie controlactioncausedy
a proportional-onlycontroller occursduring start-upfrom empty vesselsyesselM;
will bedrainedandlossof the manipulatedrariableswould betheresult.

During start-upfrom an empty column, primarily light componenis presentin the
column(seeFigure5.18). Choosinga proportional-onlycontrollerwill reducethere-
flux flow to L; = 0.0 kmol/h dueto thedeviation of setpointandcolumntemperature
(seeFigure5.17¢€). Thus,noliquid would reachthelower intermediatevesselsgspe-
cially drainingof thereboilerwill be detrimentalto the separationProportionalonly
controllersareinsufficientin respecto ensurea certainminimumliquid holdupin the
vesselsfurtherverylow gainsduring start-upwill resultin extensie batchtimes.

e A proportional-intgralcontrollergive theopportunityto “adjust” the controlleroutput
changeswithout introducinghard boundson the control action (minimum/maximum
range)and provide a smoothtransitionfrom operationwhere L. # V towardstotal
reflux operationprovidedtheintegraltime is choseriong enough.The controlaction
of thePl-controllerwith longintegraltime hasapproximateljthe samecontrol perfor
mance,with anin-build (slow) biasadjustment.Thus, the requiremenmadeearlier
thatthesteadystatevaporandliquid flows have to beknown (identicalfor molarflows)
canberelaxed. Further arobustoperationis possible.
indentA slow integralactionis chosersincewe controltheproductcompositionn the
vesseby meanf a secondaryneasuremergomedistanceaway. Thecontrolis per
formedby moving the entire compositionprofile over the column,suchthat products
with the desiredcompositioncanaccumulaten thevessecompare-iguress.15and
5.18).A trade-of in thecontrollergainshasto beconsiderednvolving totalbatchtime
andthereductionin probabilitythattheintermediatevesselsr reboileraredrained.
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(a) Composition profile, main component
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Figure5.17: Tray temperaturecontrol with alternatve start-upprocedurefor feed mixture
zr,2 With all liquid initially in the reboiler: Vesselcompositionga), impurities(b), holdups
(c), reflux flows (d) andtray temperatureée) asa functionof time
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Figure5.18: Tray temperatureontrolwith alternatve start-upprocedurefeedmixture zp:
Compositionprofile over columnat¢ = [0, 0.5, 1, 4]h
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Figure5.19: Tray temperatureontrolwith alternatve start-upprocedurefeedmixture zp:
Temperaturerofile over columnatt = [0,0.5, 1,4]h



108 5. Alter native Control Structur e of Multi vesseBatch Distillation

5.5 Discussion

Simulationshave showvn thattheinitially by Hasebeetal.(1992)proposegrocedureof con-
stantvesselholdupperformspoorly if feeddisturbancesreencounteredThe systempro-
posedby Hasebewith compositionmeasuremerand adjustmenif the holdupto specify
the existing threedegreesof freedomis difficult to implement. Differentfeedbackcontrol
stratg@ieswereinvestigatedvith control signalsfrom primary (it e.g. gaschromatography)
andsecondarymeasurementge.g. temperature) Primarymeasurementare availableat a
ratherlow frequeng, e.g. gaschromatographsvidely usedin industrieshave a time delay
in theorderof # = 0.2 h for ananalysisof onesampleof the heredescribedype. Further
theseinstrumentgequirea considerableamountof maintenancandareratherexpensve to
operate.

The implementationof control stratgies basedon direct compositionas describedn
section5.3.1and5.3.2is not straightforvard. Especially the control schemepresentedn
section5.3.1is infeasible. The compositionmeasuremeris takenin the vessel,depending
on theimpurity measuredhe sign of the controllergain hasto changeduringthe courseof
operation. Applying singleloop controllerswherea frequentswitchingin the sign of the
controllergainis requiredis infeasibleat the besttime consumingandrequireexperienced
operators.

The problemof sign-changef the controllergainsis solved by moving the location of
thecompositiorsensoifrom thevesselo atray in thecolumn(seeFigure5.8). Thelocation
of the controltray waschoserfrom the compositionprofile overthe column. At steadystate
primarily two componentsre presentsuchthat a uniquerelation betweencontrollergain
anddeviation from setpointexists. Neverthelessevenif the schemas feasible thewindow
whenproductcompositionsareinitially satisfieds rathersmall,carefuloperationandexact
compositionrmeasuremerdrenecessaryo avoid extensive enegy consumption.

Insteadof using tray compositionas control signal and vesselcompositionas criteria
for shutdavn, temperaturaneasurementare implementedalong the column and applied
to control the productcompositions. The reflux flow is controlledby simple proportional
controllerssuchthatthe desiredproductsareaccumulatedn the vessels By meansof sim-
ulationsit is shavn that a level control for the intermediatevesselds not necessarythese
levelsarecontrolledimplicit by therefluxto the sectionbelov thevessel.

Comparisorof thestrategieswerethesensoffor the controlsignal(eithercompositionor
temperature)s locatedin the centerof the columnshows thata similar holdupdistribution
whenall productcompositionsare satisfiedis achieved (seeTable5.7: holdupandcompo-
sition tray compositioncontrol; Tables5.9: compositionsand Table 5.10: holdupsfor tray
temperatureontrol). From a practicalpoint of view, the temperatureontrol schemes far
moresimpleto implementandto operate.

Theinitial start-upprocedurewerethe liquid wasdistributedover the column,wasin-
spiredby the introductoryexample. This procedures from a practicalpoint of view not
asfavorableasthe procedurewerethe feedis addedto the reboiler From a control point
of view the start-up,with liquid feedaddedto the reboiler is easierto perform. Applying
this procedureavoid inverseresponse®f the controlledvariables(temperatures$incethe
temperaturesn the stagesiecreasenonotonicallytowardsthe top during start-up.Further
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the simulationhave shavn thatthereareno significantdifferencesn operationtime, thus,
the latter procedureis assumedo be the mostfavorablefrom a view point of a practical
implementation.

5.6 Conclusions

Four differentfeedbackcontrol stratgiesfor the multivesselbatchdistillation columnare
proposecandcomparedo eachother Temperatureontrolwith a controltray atthe center
of eachsectionwerefound to be the mostflexible (with respecto feed composition)and
simpleto implementcontrol structure. Two differentstart-upproceduresvereinvestigated
for the multivesselbatchdistillaiton column, both can be performedwith the temperature
controlschemeThe compositiormeasuremertiasedstructuregequirethatthe multivessel
batchdistillation columnis startedwith a procedurevhereliquid is first distributedover the
column,whichwill complicatethe practicaloperationof a columnconsiderable.
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Notation

CC  Compositioncontroller

D Distillate flow rate kmol [ hr
K Controllergain kmol /h, kmol/(h °C)
L Refluxflow rate kmol/hr
M Molar holdup kmol
M,,; Totalinitial feedchage kmol

N, Numberof components

N, Numberof sections

N; Numberof stagegpersection

N  Total numberof stages

@,  Reboilerheatduty

Q. Condenseheatduty

T Temperature °C

T; Temperaturentray : °C

TC  Temperatureontroller

t time h

V Molar vaporflow kmol /h
x Molar liquid composition

Y Molar vaporcomposition

z Molar feedcomposition
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GreekSymbols

a  Relatve volatility
A Deviation
7  Controllerresettime 1/h

Subscripts

ﬁq@‘

7]7k7l7m

~

Wmm

tot

o

Boiling point

Feed

Identifier

Reboiler
ControllerSetpoint
Total number
Totalamount
Initial state

Final state






Chapter 6

Comparison of Multi vesseland
Conventional Batch Distillation

Extendedversionof thefollowing papers:

Wittgens,B. andSkogestads.;
PotentialEnegy savingsof MultivesseBatchdistillation,
presentect AIChe Annualmeetingl997,paper34d

and

Wittgens,B. andSkogestads.;
MultivesseBatchDistillation - PotentialEnegy Savings,
DYCOPS-55th IFAC Symposiunon Dynamicsand Control of ProcessSystems
Corfu, Greece,June8-10,1998

Abstract

A multivesselbatchdistillation columnis comparedo a corventional
batchdistillation column, both columnsare operatedwith a feedback
controlscheme.The comparisoris performedin form of a casestudy
werein somecasesve foundthatanincreasan productionrateup to
50% is possibleby usingmultivessebatchdistillationinsteadof a con-
ventionalbatchdistillation columnwith similar columnlength.Besides
theconsiderableeductionin enegy usagethe mainadwantagewith the
multivessebatchdistillation columnis probablyits muchsimplerop-
erationcomparedo a corventionalbatchdistillation column. Further
resultson the maximumachiezableseparatiorandtheinfluenceof the
chosersetpointon thefinal batchtime arepresented.
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6.1 Intr oduction

In chemicalprocessingndustries,separatiorof multi-componentiquid mixturesinto pure
productss ataskprimarily performedby distillation. Dependenbntheamountof feedstock
to be processedthe choicehastraditionally beeneithercontinuousor batchdistillation. A
new type of batchdistillation columnandoperationstratay for separatiorof multicompo-
nentmixtureswas proposedoy Hasebeet al. (1995)and hasbeenfurther studiedby the
authorg(Skogestacetal. 1997andWittgensetal. 1996),we referto thesepaperdor amore
detailedreview. The primary featureof the multivessebatchdistillation columnis thatthe
enegy requiredto separatéhe mixtureis considerablyessthanin corventionalbatchdistil-
lation dueto heatintegrationof severalcolumnsections Hasebeet al. (1995)indicatesthat
the enegy efficiency of a multivesselbatchdistillation could be comparableo continuous
distillation.

Althoughbatchdistillation generallyis lessenepy efficientthancontinuoudistillation,
it hasrecevedincreasedttentionin thelastfew yearsbecausef its simplicity of operation,
flexibility andlower capitalcost.For mary yearsacademicesearcton batchdistillationwas
focusedprimarily on optimizingthereflux policy. However, in mostcaseshe differenceto
the simple-mindedconstantreflux policy usuallyis small (e.g. Sgrenserand Skogestad,
1994).

On a qualitative basiswe comparecornventionalbatchdistillation columns(seeFigure
6.1) with the multivessebatchdistillation (seeFigure6.2) with respecto easeof operation
andproductvity (enegy efficiency). Initial resultson the economicalpotentialof the new
processarepresentedhemaximumattainableseparatiomf themultivessebatchdistillation
columnis investigatedand the influenceof the setpointof the temperaturecontrollersis
presentedFinally the presentedesultsarediscusse@ndconclusionsarepresented.

6.2 Column configurations

6.2.1 Conventional batch distillation

The optimizationof a corventionalbatchcolumn (Figure 6.1) leadsto an optimal control
problem,for which problemformulationand numericalsolution methodsare not yet well

establishedMachiettoand Mujtaba, 1992). Resultsfrom optimizationstudieshave shavn

an increasedoerformanceof the columnusing an optimal reflux policy, comparedto the
conventionalconstantreflux policy or constantistillate compositionpoliciestime anden-
ergy savingsin the orderof 20 % dependenbn the mixturesseparatedhave beenreported
(Serensen1994). Neverthelessthe implementatiorof an optimal reflux policy is not yet
widely usedin industries,while piecavise constantreflux policiesareapplied(Diwekar et
al., 1987). Industrial batchcolumnsare operatedoften with a rathersimple reflux policy

e.g. thenumberof off-cuts are predefinecandthereflux ratio is constantduring operation.
However, atleastfor multicomponentnixtures,this policy is difficult to implementandone
mustoftentake off alarge numberof productswhich arelater, after compositionanalysis,
blendedto give the appropriateproducts. Also, it is not optimal to keepa constantreflux
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ratio (e.g. high refluxratio to fulfill the productspecifications)sothe productiontime may
be muchlongerthanis needed.

Anotheroperationpolicy, which usually Q.
is better in terms of enegy consumption
(productiontime) is to usea feedbackcon-
trol schemewhich keepsthe productcom-
positionat a desiredvalue. In practice,com-
position may be difficult (time consuming)
and expensve to measure so we will here
insteadkeepthe temperatureat a given po-
sition of the columnconstantthusindirectly
controlthetop productcomposition(seerFig-
ure6.1). Change-werbetweerproductanay
take placewhenthe reflux flow L increases Mn
above a predefinedimit. At this time one V“ L
normally needsto producean off-cut frac- y Feed charge
tion andonemay, for example whenthenext E M4
temperaturesetpointis reachedswitchto the
secondoroduct.This procedures performed b
until N, — 1 productfractionsarewithdravn
over top, finally, the last productis with-
drawn from thereboilet

Figure 6.1: Corventionalbatchdistillation,
onecomponenatatime overtop

6.2.2 Multi vessebatch distillation

For theseparatiorof a mixture containing/N.-componentsthe multivessebatchdistillation
columnconsistsof N, — 1 columnsectionsreboiler condenser/accumulatand N, — 2-
intermediatevessels. The simpleststratgy for operatingthe multi-vesselcolumn, is the
total refluxopemtionsuggestety Hasebeetal. (1995)wherethe N, productratesaresetto
zero(D; = 0). Thereareat leasttwo advantagesvith this multivesselcolumncomparedo
conventionalbatchdistillationwheretheproductsaredravn overthetop, oneatatime. First,
the operationis simplersinceno productchange-wgersarerequiredduring operation.Sec-
ond,theenegy requirementmaybemuchlessdueto the multi-effectnatureof theoperation.
For the total reflux operationof the multivesselcolumn,a feedbackcontrol structurebased
on temperatureontrollers(seeFigure 6.2) hasbeenproposedoy Skogestacetal. (1997).
Theideais to adjustthereflux flow out of eachof theupperN, — 1 vesseldy controllingthe
temperatur@t somelocationin the columnsectionbelown. Thereis no explicit level control,
rathertheholdup, M;, in eachvessels adjustedndirectly by varyingthereflux flow to meet
thetemperaturepecification@ndthusproductquality requirements.
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6.3 Simulation model

All theresultsin this paperarebasedon simulationsusingthe dynamicmodeldescribedn
the paperby Skogestacktal. (1997). We have madea numberof simplifying assumptions,
suchasconstantnolarflows, constantelativevolatilitieso;; = [10.2,4.5, 2.3, 1]. Assuming
constanstageholdup,perfectlevel controlandconstanpressureimplify the columnmodel
considerablyWe assumalinearboiling pointcurve, thatis thetray temperaturés themolar
averageof the boiling temperaturesf the purecomponentg7; = ,]:;1 xg - Tpy with
Tpy = [64.7,78.3,97.2,117.7]°C, the numericalvaluesare choserto be closeto thoseof
the systemmethanol gthanol n-propanolandn-butanol).

The linear boiling point curve assump- Q.
tion may seemvery crude. However, we
have performedsimulationswhere temper
aturesare computedfrom Raoultslaw for
ideal mixtures, py = Y0 z; - pi(T),
andthe Clausius-Clapgron equationfor the
pure componentvapor pressuresp:*(T) =
ea:p(—Apr,j/R- (1/T— 1/Tb,j))a and
the results shav only minor deviations'.
The dynamic model is implementedusing
the SPEEDUPsoftware package(Speedup,
1993).

6.4 Operation policies

6.4.1 Conventional batch distilla-
tion

Even thoughthe separatiorof multicompo-
nentmixturesby meansof batchdistillation
is investigatedor an extensve time, we did
not find any simple operationproceduresn 33
the literature. In mostof the availableliter-

ature on operationof batchdistillation, the

reflux flow is consideredas an optimization

variable the numberof productcutsandoff-

cuts is specifieda priori. From this, opti- Qp M4
mizationproblemsconsideringhe minimum

time problem (minimum enegy consump- Figure6.2: MultivesseBatchColumnunder
tion) or maximum distillate recovery opti- feedbackcontrol
mizationproblemscanbeformulated.

LFor amoredetaileddiscussiorwe referto AppendixD.
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We deciseda simple operationprocedurebasedon a temperatureneasuremensome
stagesbelown the columntop. The procedurejs aimedat achieving for eachproduct,an
approximatelyconstanbverheadcomposition somevhatbetterthanits specification.

Thefeedbackcontrolstrateyy is basedon thefollowing ideas:

e A sensolis locateda few stagesbelov the columntop suchthat a break-througlof

hearier componenténto the productis easilyavoided. The setpointis setto be some-
whatabove the boiling point of the product

Tg,; =Ty, + AT (6.1)

wherei is thestagdocation(countedrom thetop) andj is theindex for themaincom-
ponent. The secondterm AT in Equation6.1 accountdor the temperaturencrease
alongthe columnconsideringthe location of the sensotbelow the columntop. One
may view AT to consistof thetwo termsAT* = AT?,osition + AT eation: Where
AT osition = (T — TP gheaw takesinto accountthatwe allow for some
heary componenin theproduct.ThesecondermAT} ..., takesinto accounthatthe
temperaturencreasesiown the column. AT, ..., Canbe computecbeforehand,

AT} mustbe determinedrom eithersimulationor experiment.

location

The change-ver temperaturely s ; for the collection of off-cut product; is deter
minedfrom theboiling point of the next productfraction(product; + 1). We define:

Tifm =Ts i1+ ATy (6.2)

o

where AT, ;s ensureghat mostof the componentighter thankey componenin the
next productis removedfrom thecolumn.

Operationof a corventionalbatchcolumnwith the above describedoolicy to determine
temperaturesetpointsaswell aschange-wgertemperaturess asfollows:

1.

2.

Start-upfrom total reflux operation(notincludedin the simulation).

After establishinga compositionprofile, the temperaturecontroller TC' (seeFigure
6.1)is activatedandadijustthereflux L to keepthe temperaturen the controltray 7"
atits setpointngl. If the reflux L reachests maximumL > L,,.., the collectionof
productl is finished.

. During the next cycle, anoff-cut fractionis withdravn from the column. The column

is operatedoff-line (feedbackcontrol deactvated)with a constantiow reflux, Ly,
until thechange-uertemperaturd’jff,1 (seeEg. 6.2)is reached.

. Withdrawl of product2 is performed by activating the temperaturecontrollerwhich

hold thetemperaturen the controltray at its given setpoiangl,2 (seeEq. 6.1). Note
thatthe change-wer from off-cut 1 to product?2 is performedat a temperaturénigher
thanthedesiredsetpointfor thewithdrawl of product2 thatis: T}, , > T§,. Thelatter
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is to avoid that the lower initial temperaturecausedby light componentremaining
resultsin excessve amountof heary component.

Again, collectionof product2 is finishedwhenthe maximumreflux is reached . >

Lmaw '

5. Off-cut 2 is withdrawn until temperaturéfjff,Q is reachedagainslightly above the
temperatureetpointof thethird productfraction.

This cycling betweenproductionand off-cut withdrawl is performeduntil all products
are produced. After the batchis finished,one may, basedon compositionanalysisof the
productsand off-cut fractions,blend off-cuts into the products(especiallyif the off-cut is
large) so that they exactly meettheir specificationsandto maximizethe productionrate.
This wasnot donewhencomputingthe productionrategivenin Table6.3.

6.4.2 Multi vessebatch distillation

The operationof the multivesselbatch column (seeFigure 6.2) is describedin detail by
Skogestacetal. (1997). We assumehe feedchage equallydistributedover all vesselsand
theinitial compositionson traysandvesseldo be x; = x5 at the startof the simulations.
ThethreePI-temperatureontrollersareactivatedimmediatelyafterstart-up(e.g. total reflux
operation),and the columnis operatedin this manneruntil the last of the four products
reachests specificationln practice the columnis operatedinderfeedbackcontroluntil the
changesn reflux flows andtemperatur@aresmallfor a prespecifiedime.

6.4.3 Operation conditions

A summaryof the operationalconditionsare givenin Table6.1, in Table 6.2 the column
desigrt andthe controllersetpointsandchangewvertemperaturearepresented.
Theinitial feedcompositionin the columnswerechoserto

zp = [0.25,0.25,0.25, 0.25] (6.3)

Theproductspecificationaregivenaslower boundson the purity of themaincomponentn
all four products

Zopee = [0.98,0.95,0.95, 0.95, 0.98] (6.4)
Thecolumnsoperatevith aconstanvaporflow of V' = 10 kmol/h andaninitial feedchage

which addsupto F = 10 kmol (thetotal holdup M,,; of the columnconsistsof the vessel
holdupsandthetray holdup)with aninitial feedcompositionzr (seekqg. 6.3).

2For amoredetaileddiscussionseethe appendixof this chapterand AppendixD.
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Table6.1: Summaryof theinitial conditionsfor multivesselandcornventionalbatchdistilla-
tion column

Multivessel | Cornventional
N, =4
a; = [10.2,4.5,2.3,1]

Mo = 2.5kmol | My = 0.0kmol
M; = 0.0kmol
Moff,i = 0.0kmol
M, = 0.01 kmol
Moy = 10 + Nyoy My,
Li,O = 10 kmol/h
V = 10 kmol/h

Numberof components
Relatve volatility
Vesseholdups

Tray holdups(constant)
Totalinitial chage
Initial reflux flows
Vaporflow (constant)

Table6.2: Controllersetpointsirg,j andchangeuertemperatureé”jff,j for fixedvaporflow
V =10 kmol/h

column | section| sensor | prod. | off-cut | prod. | off-cut | prod. | off-cut
type length | location| M; 1 M, 2 Ms 3
Nr : Ty | Torpa | Tso | Topro | Tsa | Toprs
corvent-| 15 3 67 82 80.5 | 100.5| 99 113
ional 33 6 69 83.5 82 | 1025 | 101 | 113
multi- 11 6
vessel 15 8 715 87.75 107.2
19 10

Thelocationof thetemperaturesensorappliedfor feedbackcontrol of the corventional
batchcolumnis chosento be at a distanceof 0.2 Ny from the columntop, the sensoris
locatedon tray 3 for the columnwith 15 stagesand 6 for 33 stages.For the corventional
columnequippedwith 15 trayswe chooseAT = 2°C, in the caseof 33traysAT =~ 4°C,
to accountfor sensorocationand amountof heary componenin the product. The tem-
peratureoffset to remove light componentduring off-cut productionis for both columns
chosento be AT,;; ~ 1.5°C. The boiling points of the productsare computedto be
Th,; = [64.97,78.43,97.23,117.29], thesetemperaturesre usedto computecontrollerset-
pointsTg,j andchangeuertemperatureg’gff showvnin Table6.2. A Pl-controllerwith gain
K., = —0.5 kmol/°C andintegral actionT; = 0.05 h is chosen. The reflux flow during
productionphases 2 < L < 9.8 kmol/h while during off-cut withdrawl the reflux flow is
constantt L,s; = 5 kmol/h.

Thesensoffor the multivessebatchdistillation columnarelocatedin the middle of each
section. Controller setpointsare determinedfrom Tf’j = (Tpx + Thr+1)/2, with T,
asthe boiling point of pure componentt. The controller parametelare chosento K, =
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—0.25 kmol/°C and7; = 1h. Thereflux flow is controlledwithin theintenval 5 < L <
15 kmol /h.

6.5 Results

In the presentedvork a corventionalbatchdistillation with the proposedeedbacloperation
policy andamultivessebatchdistillation arecomparedvith respecto enegy consumption.
We comparegheenepgy usagen thesensef thenetproductiorratedefinedas(F'— M, ) /t
for a given, fixed boilup V' = 10 kmol/h F = 10 kmol asinitial feed chage with a
compositionof zx = [0.25,0.25, 0.25,0.25], M,;; assumof off-cut and (if present)non-
specproductsand ¢, asthe batchtime, which wasrequiredto achieve all of the product
specificationgseeEq. 6.4). Further we requirethat the impurities of the intermediate
productsN, aredistributedsuchthattheirratiois zy, 1/xn,+1 =~ 1.

Note,thebatchtime doesnotincludechaging of the column,preheatingstart-upunder
total reflux and shutdavn. Further we assumehat the compositionmeasuremenin the
vesselss instantaneoufor the presentedgimulations.

Theresultsaresummarizedn Table6.3 andin Figures6.3and6.4 we presenthe com-
positionprofiles, controlledtemperatureg the columnsectionsyeflux flow aswell asthe
holdupin the producttanksfor the consideredperationpolicies.

6.5.1 Conventional batch distillation: Production rate

For the corventionalbatchdistillation we notethatthe net productionrateis not increased,
whenthe numberof stageds increasedrom 15 to 33. Of course,it shouldbe possibleto
increaseheproductionrateby addingstagessotheresultillustratethedifficulty in operating
cornventionalbatchdistillation, especiallyfor multicomponentmixtureswith off-cut. The
increasein column length of the corventionalbatch column has opposingeffects on the
productvity. The productpuritiesareincreasingurther above specificatiorandbatchtime
decreasesimultaneouslyghe amountof off-cut D, ; increasesThelattereffectcancelghe
effect of batchtime reduction,suchthatthe productionrateis unchangedeventhoughthe
columnlengthincreases.

Note that we have not blendedthe off-cut into the product. If we blendthe combined
off-cut product(all off-cut fractionsareaccumulatedn onetank)into the four productsto
exactly meetthe specificationsthe net productionrate of the corventionalbatchcolumn
would increasdyy lessthan10 %.

6.5.2 Multi vessebatch distillation: Production rate

For the multivessebatchdistillation columnthe productionof off-cut is negligible (actually
the remaininghold-upin the columnsectionscould be seenasoff-cut). The separatiorof
thefeedmixtureis performedwith considerabléesstime andthusenegy consumptior(see

3A gaschromatograplwill have a time delayon the compositionmeasuremenf approximatelyl0 - 20
minutes this delaywill beequalfor the presentegimulationsandis thereforeomitted.
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Table6.3). Increasinghelengthof the columnsectionggive someimprovementin product
quality, but since,atleastone,of thecomponentss atthe specificationpatchtime decreases
considerably

Product composition profile, x

main

100t T3 T3 r T3

0 1 2 3 4
time [h]

Figure6.3: Productcompositionprofile, controlledtemperaturereflux flow andholdupsof
productsfor conventionalbatchdistillation (Ny = 15)

For columnsof identicallength (> Ny = 33), the given separatiorconsumespprox-
imately 30 % lessenegy in the multivesselcolumncomparedo the corventionalcolumn.
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Further sinceno off-cut is producedanincreaseof productionratein theorderof 40 % was
found. Increasinghelengthof the columnsectionsof the multivessekolumnfrom 11to 19
trayseach the productionrateincrease®y approximately40 %.

Product composition profile, x

Temperature profile on trays 6, 17, 28 [ °C]

120
100} 7 128
80 | 16

60

Reflux flow [kmol/h]

Figure6.4: Productcompositionprofile, controlledtemperatureseflux flows andholdups
of productsfor multivessebatchdistillation (N7 = 3 x 11)
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Table6.3: Productcompositionandamount,batchtime andproductionrateof batchdistil-
lation processe€fixedvaporflow V' = 10 kmol/h)

Nr product ty net
production
M1 ‘ MQ ‘ M3 ‘ M4 ‘Moff [h] [kmol/h]
corvent- M [kmol] | 2.54 | 2.26 | 2.13 | 2.43 | 0.64
ional 15 Tmain 0.987| 0.956| 0.965| 0.985 4.31 2.17
batch M [kmol] | 2.68 | 1.99 | 1.89 | 2.28 | 1.15
4.01 2.17
33 Tmain 0.988| 0.988| 0.973| 0.986
multi- M [kmol] | 2.50 | 2.44 | 254 | 252 | 0.0
11 . 2.
3 X Tmain 0.993| 0.963| 0.950| 0.993 3.38 9
vessel M [kmol] | 251 | 2.44 | 256 | 249 | 0.0
1 2.48 4.03
3315 Tmain 0.999| 0.973| 0.950| 0.999
M [kmol] | 252 | 245 | 255 | 249 | 0.0
1 . .
batch 319 Tonain 0.999| 0.973| 0.950| 0.999 2.33 4.29

6.5.3 Multi vessebatch distillation: Achievable separation

The performanceof the proposedcontrol systemwill be investigatedwith respectto the
influenceof the numberof stagen thefinal batchtime andthe achievableseparationWe
chosea column configurationwith threeidentical sections,the initial conditionsgiven in
Table6.1andfeedcompositionz asstatedn Eg. 6.3. Theseparations performedutilizing
the feedbackcontrol structurepresentedn section3 to ensurecomparablgerformanceof
the columns. The simulationis terminatedwheneitherthe productspecificationgseeEqg.
6.4)in all vesselsrefulfilled or thederivative of all compositionss lessthandz /dt = 1075,
whichis definedassteadystatecondition.

In Table 6.4 we presenthe maximalachiezable productcompositionat steadystatefor
acolumnwith 7 to 25 stageger section.For columnsconsistingof threeidenticalsections
of N; < 11, thedesiredoroductcompositionsarenot achiezedat steadystate.By increasing
thenumberof stagegersectiontheachievableproductquality improves.

Table6.4: Steadystateproductcompositionasa function of numberof stagegersection

(Nl @ [ @ [ m | w |
7 | 0.965 | 0.864 | 0.856 | 0.965
9 | 0.984 | 0.932 | 0,923 | 0.984
11 0.993 | 0.967 | 0.960 | 0.993
15 0.998 | 0.992 | 0.990 | 0.999
19 [ 0.9997| 0.9982] 0.9974] 0.9997
25 || 0.9999] 0.9998 0.9997 0.9999

In Table6.5we presenthe steadystateconcentratiorof the maincomponentn theves-
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sels.Increasinghenumberof stagegrom 11to 15, reduceghebatchtime by approximately
25 %. A further extensionof the columnsections(from 15 to 19 or 25 trays)reduceshe
distillationtime ¢, only mamginally.

From Table 6.5 we seethat purification of the holdup in vessel3 determineshe fi-
nal batchtime (stop criteria is fulfilled). This is due to the chosenrelative volatilities
a; = [10.2,4.5,2.3,1], theratiosof as/a3 < a1/as < az/ays suchthat the separation
of componen® and3 is moredifficult thanthe split of componentd and2 or components
3 and4. To overcomethis problemadditionalstagesshouldbe placedin the centersec-
tion (section2), alternatvely we canadjustboththe controltray locationor thetemperature
setpoint.

Table6.5: Final batchtime asa function of numberof stagesandthe productcompositions

L N [ ow | @ [ [ e [ 4[A] ]
11 (basecase)| 0.993 | 0.963 | 0.95] 0.993 | 3.385
15 0.9969] 0.971 | 0.95| 0.999 | 2.470
19 0.9983| 0.9723] 0.95| 0.9996| 2.326
25 0.9987| 0.9723] 0.95| 0.9999 2.274

6.5.4 Multi vessebatch distillation: Influence of the controller setpoint

The designof a multivesselbatchdistillation columnis, steadystateproductcomposition
consideredcloselyrelatedto thedesignof abinarydistillation column. The proposedolicy

to determinethe initial setpointsof the temperaturecontrolleris basedon the following

assumptions:

e eachcolumnsectionhasa sufficient numberof traysto performa given separation
problem

e thecontroltray is situatedn the centerof the column

e temperaturesetpointis setto the averageof the boiling point of the two purecompo-
nentswhich will accumulaten the vesselsaadjacento a section

e non-azeotropienixturesareseparated

As basecasewe considerthe samesetof temperaturegivenin Table6.2 (third line). Based
onthisinitial setwe vary thetemperatureetpoints§rom a definedbasecase(Simulation1,
seeTable6.7)by +3°C' andinvestigateheinfluenceon bothseparatiorefficiency andbatch
time. Note,we keepthe controltray positionin thecenter

It hasbeenshavn thatthe batchtime is determinedon the separatiorof componen®2
and 3 (seeTable 6.5) andthat the productsin vessell and 4 are above their specification
(seeEq. 6.4),with a columnlengthof 11 trays. In the herepresentedtasestudythe center
sectionhasbeenextendedfrom 11 to 15 stagesthusthe columnhasa total for 37 stages.
Thenumberof additionalstagess chosersuchthatthe steadystatecompositiongseeTable
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6.6 for someexamples)arexp ~ [0.98,0.98,0.98,0.98]. This will give somefreedomto
adjustthe temperatureetpointsl’s ;, without compromisinghe productspecificationgsee
Eq. 6.4). Theremainingparametersf the columndesignareidenticalto thosepresentedn
Table6.1. The columnis operatedvith a feed mixture of zr = [0.25,0.25, 0.25, 0.25], the
initial feedmixtureis distributedevenly overaccumulatgrintermediatesresselsandreboiler
for controlpurposesPl-controllersareappliedwith setpointgyivenin Table6.7.

Table 6.6: Simulationsl, 2, 3 and5: Steadystatedataof multivesselbatchcolumnwith
N, = [11, 15, 11] trays,feedmixture zp

| | | Vessell | VesseP | VesseB | VesseH |

M; [kmol] | 2515 | 2.474 | 2.471 | 2.540
Sim. 1 7 0.993 | 0.016 | 0.0 0.0
o 0.007 | 0.979 | 0.009 | 0.0
o 0.0 | 0.046 | 0.985 | 0.007
too = 9.41h Za 0.0 0.0 | 0.063 | 0.993
w7 035 | 0.14
M; [kmol] | 2515 | 2.474 | 2.441 | 2.570
Sim. 2 71 0.993 | 0.016 | 0.0 0.0
o 0.007 | 0.979 | 0.009 | 0.0
s 0.0 | 0.046 | 0.988 | 0.013
too = 9.41h 4 0.0 0.0 | 0.004 | 0.987
w7 035 | 2.25
M; [kmol] | 2515 | 2.474 | 2.499 | 2512
Sim. 3 1 0.993 | 0.017 | 0.0 0.0
o 0.007 | 0.979 | 0.009 | 0.0
o 0.0 | 0.046 | 0.980 | 0.004
too = 9.35h 4 0.0 0.0 | 0012 | 0.996
w7 040 | 0.75
M; [kmol] | 2515 | 2.505 | 2.439 | 2.540
Sim.5 o1 0.993 | 0.016 | 0.0 0.0
o 0.007 | 0.975 | 0.005 | 0.0
o 0.0 | 0.088 | 0.989 | 0.007
too = 9.43h 2 0.0 0.0 | 0064 | 0.993
oz, 0.18 | 0.08

In Table6.6 the steadystatecompositionsthe time to achiese steadystate(t,,) andthe
impurity ratio for simulationsl, 2, 3 and5 arepresentetl ComparingTable6.4 (third line)
and 6.6 shaov that the steadystatecompositionsn the intermediatevesselg( M, and M3)
are changedby addingfour additionaltraysin the centersectionof the multivesselbatch
distillation column.

4Thesesimulationsare choserbecausef the shortestime to achieve the desiredproductcompositionsn
all four vessels.
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In Table 6.7 the appliedtemperaturesetpoints the vesselcompositions yesselholdup
andthebatchtime arepresentedThebatchtime is definedto the time wereall four product
compositionsaresatisfied.For simplicity, the compositionwhich determineghe endof the
separations markedin bold face.

Theinfluenceof the variationof the setpointgseeTable6.7) is summarized:

e Variationof onesetpointatatime:
From Table 6.7 we seethat variation of the temperaturesetpointof columnsection
3 (T'C5) comparedo simulation1 only haslimited influenceon the batchtime. For
simulation2 werethe temperaturesetpointin the lower sectionis reducedwhile the
setpointsof the upperand centersectionare kept constanta reductionof the batch
time by &~ 2 % is obsened. In simulation3, T'Cs is increasedand the batchtime
increaseby 5 %.
Keepingthe setpointsl’C; and7'Cj5 in sectionl and3 constananddecreassetpoint
of T'Cy hasresultsin anincreaseof the batchtime by 17 %. Increasesetpointof 7C,
hasnoinfluenceonthebatchtime. However, theincreasen thesetpointresultsin that
thecompositiorspecificationin vesseP is achiezedlastinsteadof the specificatiorin
vesselB asin Simulation2 and3.
For simulationst and7 anincreasey atlast37 % is obsenred.

e Variationof two setpointssimultaneously:
For simulations6 to 15, anincreasdn thefinal batchtime is obsenedin excessof 25
% is obsened.

In Figure6.5 the temperaturerofile over the columnfor ¢ = ¢; is presentedor simulation
runsl, 2, 3 and5. Similar to binary separationsn a continuouscolumn, changingone
setpointin a multivesselbatchdistillation movesthe temperatureorofile up or down the
column.

6.6 Discussion

Eventhoughenegy savings(in termsof shorterproductiontime) areachiezablewheninves-
tigatingaconventionalbatchdistillation with feedbaclcontrolwe have to considetheadded
degreeof compleity by implementinghe presenteaperationpolicy. For theexamplestud-
iedin this paper we achieredincreasesn productioncapacityof up to 98 % or equialent,
a reductionof enegy consumptiorof approximately50 % applying multivesselbatchdis-
tillation insteadof corventionalbatchdistillation. Althoughthe resultsfor the corventional
batchdistillation columnmay be quite far from the optimalreflux policy, they areprobably
betterthanthey canbe expectedfrom industrialpractice.Note thata constanteflux policy,
commonlyusedin industry would yield significantlyworseresults.

Besideghe considerableeductionin enegy usagethe main advantagewith the multi-
vesselbatchdistillation is probablyits muchsimpleroperationcomparedo a corventional
batchdistillation column. It may be operatedeasilywithout operatorintervention,whereas
conventionalbatchdistillation requiresproductand off-cut change-gersaswell asadjust-
mentsof reflux or alternatvely: temperaturesetpoints.lt canbe automatede.g. usingthe
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proceduregproposedn this papey but still operatorsvould be neededor casesvheresome-
thing fails. Eventhoughthe above presentegrocedurdinding temperaturesetpoints(see
Eq. 6.1)in thecolumnaswell asthe change-wertemperatureéseeEq. 6.2)is akind of in-
tuitive, dueto its simplicity, operationof multicomponenseparatiommight be considerably
lessdemanding.

Temperature profile

M1

T6

M2

column position
_|
|_\
[{e]

M3

T32

M4 L L
60 80 100 120

temperature [ °C]

Figure6.5: Tray temperatureontrol: Temperaturgorofile over columnfor simulationsl, 2,
3and5

As shavn in Table 6.7 anincreaseof columnlengthin the centersectionreducesboth
thebatchtime, aswell asincreaseshe productcompositionin thetwo intermediatevessels.
The possibleover-purification in the centersection(steadystatecompositionsconsidered)
dueto the longercolumn sectionresultsin a more robust separatiorprocesswith respect
to adjustmenbf the controllersetpoint. In the worst casemalfunctionof the temperature
sensor(off-set) will have only limited effect on the batchtime for the given setof product
specificationsprovidedthe numberof stagess sufficient.
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Table6.7: Influenceof controllersetpointson productcompositionandfinal batchtime for
productcompositionse,.. > [0.99, 0.95,0.95, 0.99]

Sim. Controller Product Batch
setpoint [°C] concentration time
TC, | TC, | TCs | My | My, | My | My ||t [h]
Tinain 0.991| 0.960| 0.950 | 0.992
1 71.5| 87.75| 107.2 x1/ T 249 | 1.46 2.60
MT[kmol] | 249 | 247 | 254 | 251
Variation: onesetpointatatime
; 0.991| 0.957| 0.950 | 0.984
2 104.2 || Tmain 2.54
71518775 M [kmol] | 248 | 247 | 2.56 | 2.54
3 ' ' 110.2||__ Lmain 0.991| 0.965| 0.950 | 0.995 272
| M [kmol] | 250 | 2.46 | 2.57 |2.448|
; 0.992| 0.979| 0.950 | 0.992
4 4.7 Lmain 14
715 84.15 107.2 Mlkmol] | 252 | 2.39 | 257 | 2.53 3
5 ' 90.75 ' Tnain 0.997| 0.950| 0.965 | 0.992 2 60
' Mlkmol] | 2.48 | 254 | 2.47 | 251 '
Trmain 0.997| 0.950| 0.980 | 0.993
6 | 885 8775| 107.2 Mkmol] | 242 | 256 | 2.48 | 2.54 3.58
7 | 745 ' ' Tonain 0.980| 0.988| 0.983 | 0.993 3.97
' Ml[kmol] | 259 | 2.40 | 2.47 | 2.54 '
Variation:two setpointssimultaneously
; 0.992| 0.950| 0.960 | 0.986
104.2 || Fmain 2
8 84 75 0 M [kmol] | 242 | 250 | 2.52 | 2.56 3.26
9 ' 110.2|[__ Lmain 0.996| 0.950| 0.950 | 0.996 396
68.5 | M [kmol] | 242 | 249 | 2.59 | 2.50 '
' ; 0.997| 0.950| 0.990 | 0.987
1 104.2 || _Lmain :
0 90.75 0 M [kmol] | 243 | 2.60 | 2.41 | 2.57 3.96
11 ' 1102 Tmain 0.997| 0.950| 0.983 | 0.996 3.96
|| M [kmol] | 242 | 259 | 2.47 | 2.51 '
; 0.980| 0.991| 0.974 | 0.986
12 104.2 || _Lmain 3.84
84.75 M [kmol] | 259 | 2.36 | 2.49 | 2.57
13 ' 1102 || Tmain 0.980| 0.991| 0.966 | 0.996 3.88
74 5 || M [kmol] | 259 | 2.36 | 2.55 | 2.51 '
' ; 0.980| 0.984| 0.9911| 0.987
14 104.2 || Lmain 4.02
90.75 M [kmol] | 259 | 2.44 | 241 | 2.57
15 ' 110.2|[__ Lmain 0.980| 0.984| 0.983 | 0.996 4.04
| M [kmol] | 259 | 2.43 | 2.47 | 251 '
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The designof the multivessebatchdistillation columnis morecloselyrelatedto the de-
signof atwo productcontinuoudistillation columnthanto thedesignof a batchdistillation
column. Slightly differentratiosof therelative volatilities have a ratherstronginfluenceon
the separation. The length of a columnsectionhasto be adjustedfor a given separation
problem.Fromthe desiredproductcompositionghe numberof stagesabose andbelow the
control tray can be computedfrom steadystatetray-by-tray computations. Alternatively,
assumedhat the numberof traysis larger thanrequired,the productcompositionscanbe
adjustedby variation of the temperaturesetpointwhich in turn will move the temperature
(composition)profile up or down the column. Note, carehasto be takenfor the separation
in the middle section,two impuritiesare presensuchthat moving the temperaturesetpoint
of anintermediatesectioninfluencethe steadystatecompositionof boththeadjacentessels
asshowvnin Table6.6.

6.7 Conclusions

Corventionalandmultivessebatchdistillation columnswerecomparedn a casestudywith
respectto the net production,a reductionof enegy consumptionof approximately50 %
werefound. Themainadwantagewith the multivessebatchdistillation is probablyits much
simpleroperationcomparedo a corventionalbatchdistillation column. Thesimpleminded
procedureto setthe temperaturesetpointsof the multivesselcolumnto the meanof the
boiling point of thetwo components$o be separategroofedto berathereffective, provided
columnsectionsarelong enough.lt is establishedhatthe lengthof a columnsectioncanbe
determinedy simplesteadystatecomputations.
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Notation

D Molar distillate flow
K.  Controllergain
L Molar reflux flow
LC  Levelcontroller
M Holdup

N, Numberof components

N; Numberof stagesn sectior:
R Universalgasconstant

t Time

if Batchtime

T Temperature

Tg Boiling temperature

TC; Temperatureontroller
Torr Changewertemperatures

1% Molar vaporflow

x Molar liquid composition
Tspec Molarproductspecification
Yy Molar vaporcomposition

ZF Molar feedcomposition

GreekSymbols

Q Relatve volatility

kmol/h
kmol/(°Ch)
kmol/h

kmol

kJ/(kmolK)
h

h

°C

°C

°C
kmol/h

AH,,, Heatofvaporization k.J/kmol

A Deviation
T Controllerresettime 1/h
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Subscripts
b Boiling point
F Feed
1,7, k,l,m ldentifier
of f Off-cut fraction
R Reboiler
S ControllerSetpoint
t Total number
tot Totalamount
0 Initial state
00 Final state

Appendix: Estimation of column length

A possiblemethodto determinethe minimumnumberof theoreticalstagesn a section
of themultivessebatchdistillation columnis basedn the Fensle-equatior{Fensle, 1932).
Notethatthisrelationis originally developedfor abinarymixturein acontinuoudistillation
column, but is hereappliedto a distillation columnseparatinga multicomponenimixture.
For continuouddistillation the top composition,z;, as“light” andthe bottomcomposition,
ziy1, aS“heavy” heary key componenwill be constant.In generalfor batchdistillation at
leastoneof thesecompositionswill vary with time. For the constantproductcomposition
policy of a corventionalbatchdistillation column,e.g. z; will be constantand z;,; will
vary. Application of this methodto the closedoperationof the multivessebatchdistillation
is possiblesincetowardsthe endof separatiorthe compositionswill be constant.

Apply the Fensle-equation

Z; N Z;
=i —— M 6.5
fL‘Z+1 |M1 Z,Z+1 fL‘Z+1 |M1+1 ( )

with x; andz;,; in this section.The componentsvill accumulaten vessel); (“distillate”)
andM;,, (“bottoms”), respectrely.

Assumingconstantelative volatilities andtotal reflux. Introducingthe separatiorfiactor
S (Shinsley, 1984):

() |

S = (6.6)

(sz_:_l ) ‘M¢+1

Combineequation$.5and6.6 andapplydatafrom to adjacenwesselge.qg. M, and ) the
numberof stagesn asectioncanbe computedrom

InS

lnaz’,i—f—l

Ny (6.7)
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Givenasetof productspecificationsseeTable6.8 andtherequirementhat ”“+i ~ 1the
numberof stagesn eachcolumnsectioncanbe computed.Resultsfrom applicationof Eq.
6.7 aresummarizedn Table6.9,thenumericalvaluesfor therelative volatilities arechosen
to be closeto the chemicalsystemmethanol-ethanol-propanolitanol.

Table 6.8: Specifiedvesselcompositionfor designof the multivessebatchdistillation col-
umn

| Vessel| =, | =z | o3 | x4 |
M, 098 | 0.02| 00 | 0.0
M, || 0.025| 0.95 | 0.025| 0.0
M; 0.0 | 0.025| 0.95 | 0.025
M, 0.0 | 0.0 | 0.02 | 0.98

The multivessebatchdistillation columnoperatesindertotal reflux suchthat the min-
imum numberof stagegseeTable6.9) is readily givenfrom the mostdifficult separation.
For the basicdesignof the multivessebatchdistillation column,it is chosento utilize sec-
tions of identicallength,correspondingo the numberof stagesf the centersection.For a
conventionalbatchdistillation column,operatingwith L., < 9.8 V the numberof stages
is increasedy 40 %.

Table6.9: Relatve volatilities of thefour componensystemandnumberof stagesiecessary
for thegivenseparatiorproblem

methanol- ethanol- n-propanol-
ethanol n-propanol | n-butanol

relative volatility a; ; | g2 = 2.31 a3 =1.96 | agy = 2.30

relative volatility o; 4 | o4 = 10.4 ooy = 4.5 a3q = 2.30

| Fensle | Nz~ 8.99 | Nrp ~ 10.81 | Npz ~ 9.03 |




Chapter 7

Discussion,Conclusionsand Futur e
Work

7.1 Discussion

This thesishasaddresse@ numberof differentaspectf dynamicsandoperationof con-
tinuousandbatchdistillation columns. The researchwasa combinationof simulationand
experimentalwork were experimentswere performedto verify simulationresults. The re-
searchhasbeenmotivatedby the needfor a more thoroughunderstandingn distillation
columnsdynamics.

Consideringcontinuouddistillation columns,the initial responsédo stepchangesn the
manipulatedvariableshasbeeninvestigated.In aniteratve manney experimentsvereper
formed on a pilot plant, parameterestimatedand a simulationmodel was than updated.
Thosesimulationresultswerethancomparedo experimentaldata. The resultingrigorous
traymodelgaverathergoodagreemenwith theperformedexperiments Fromtheanalysisof
the simplifiedmodelwe seethatevenif we usesimpledynamicmodelsfor the composition
dynamicsthe hydraulicdynamicsshouldstill be considerecandmodeledin anappropriate
manner Especiallycarehasto betakento obtaingoodestimatedor the hydraulictime con-
stantsandthe liquid holdupon the stage. Studieson controllability or selectionof control
stratgiesof continuoushigh purity distillation which have appliedthe resultswerenot per
formed. It couldbearguedthatthe performedsimulationsandexperimentalwork shouldbe
appliedin theareaof controlof continuoudistillation columns but researchnterestsvere
redirectedrom continuoudlistillation to batchdistillation.

Researchvasdoneontheoperatiorof anovel batchdistillation columnincludingthede-
velopmentandexperimentalerificationof a new control stratgy which resultedn thefirst
implementatiorof a multivessebatchdistillation column. The thesispresentghe verifica-
tion of the proposectontrolstratey, includingsimulationstudiesvhichverify thefeasibility
of the processtself andexperimentson alaboratoryscalepilot plantwhich confirmthesim-
ulationresults. The proposeccontrol structurebasedon simpletemperaturaneasurements
wascomparedo similarfeedbackstructuresvith corventionalinputsignalsfor composition
controllers.Further aprocedurdor feedbackcontrolof aconventionalbatchdistillation col-
umnwasdeveloped,which proofedto be rathersimpleto implementandgave rathergood
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results.Theoperationpolicy of thecornventionalcolumnwascomparedo the operatiornpol-
icy of themultivessebatchdistillation columnwith respecto enegy consumptiorandease
of operation.

The justificationfor usingmultivesseMistillation insteadof corventionalbatchdistilla-
tion is to sase enegy, or equivalently, for a given heatinput the batchtime may be signif-
icantly shorter Anotheradvantages the simpleoperationof the multivesselcolumnunder
total refluxandit maybeeasierto operatehe columncloseto optimumwith the multivessel
column. In conventionalbatchdistillation the optimal operationmay dependon the reflux
policy andquite stronglyon the useof off-cutsto achiese the desiredproductcomposition.
However, corventionalbatchdistillation enableghe utilization of oneprocesgor quite dif-
ferentseparatiomproblems. On the otherhand,in the multivesselbatchcolumnthereare
fewer degreesof freedomandthis simplifiesthe operationconsiderably

Theimplementatiorof the reflux policy andthe switchingbetweenproductand off-cut
fractionsrequireoftenanadwancedcontrolsystenmor anexperiencedperator In multivessel
batchdistillation therearefewer degreesof freedomin the designandoperationof the unit.
This allow for ancloseto optimaloperation providedthe columnsectionsarelong enough.

Onedisadwantagewith the multivesselcolumn comparedwith the corventionalbatch
distillation is that the columnitself is more complicated. Also, whereasn a corventional
batchcolumnone only hasto make decisionon the length of one single column section,
onehasto decideon the numberof sectionsandtheir lengthfor a multivesselcolumn. The
designof themultivessetolumnsis thereforemorecloselylinkedto a specificfeedmixture,
in particularthe relative volatility andthe productspecifications.Thus,the designprocess
of a multivesselcolumnis similar to the designof a sequencenf continuousdistillation
columns.

Two start-upproceduresvereinvestigatedjnitially the liquid wasdistributed over the
columnand a secondwere liquid is fed to the reboiler Simulationand experimenthave
shawvn thatthereareno significantdifferencesn operatiortime for thetwo consideredstart-
up proceduresBecausef possiblecontrollimitations (inverseresponsedpr thefirst start-
up procedureand from a view point of a practicalimplementationthe latter procedures
assumedo bethemostfavorable.

It was found that the setpointof the temperaturecontrollershave someinfluenceon
the batchtime. Neverthelesssimulationsshown thatthe simple mindedprocedureo chose
the setpointto equalthe meanboiling temperaturef the two componentdo be separated
in a columnsectiongave rathergood results,againprovided the columnsectionsarelong
enough.Further theinvestigationproofedthatthe designbasedon steadystatetray-by-tray
calculationss sufficient for a chemicalsystemusedin this casestudy

7.2 Conclusions

Themainresultsfrom thethesisaresummarizedelow:

Chapter 2

Thevalidity of arigorousmodelof a trayeddistillation hasbeendemonstratethroughthe
comparisorof experimentabndsimulationresultsof the open-loopoperationof theinvesti-
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gatedcontinuoudistillation column. Analytical expressiorfor the hydraulictime constants
for liquid andvaporaredevelopedbasedon the designdataof a stageddistillation column.
It is fairly straightforwardto generalizehe resultsto othersieve tray distillation columns,
sincenofor theinvestigatedystenspecificcorrelationsvereutilized. Thepresentedesults
demonstratéhe importanceof realisticmodeledtray hydraulicsfor the properoperationof
theprocess.

Chapter 3

A generalmultivesselbatchdistillation columnis proposedwvhich canbe seenasa super

structureof previous proposedbatchdistillation columns. A new control stratey for the
operationof the multivessebatchdistillation columnundertotal reflux is proposedandit is
shawvn thatthe control schemds easyto implementandoperate.The simple proportional-
only-controllerapplytemperatureneasuremenisa thecolumnsectiongo temporarilyadjust
thereflux flows. It hasbeenshowvn thatthe final productcompositionsareindependenbn
thefeedcomposition.A simpleprocedurgo determinethe setpointis presentedFor suffi-

cientlong columnsit is possibleto purify a multicomponentnixturein oneseparatiorstep
in amultivessebatchdistillation columninsteadof separatiorof onecomponentt a time
from agivenmixturein a corventionalbatchdistillation column.

Chapter 4

The experimentalverification of the previously presentedsimulationresultsare the main
contribution presentedn this chapter Following the initial proposalfor closedoperation
with indirectlevel adjustmenbasedon temperatureontrol, concernsvereraisedthatthis
wouldnotwork in practice.Thestudywasthereforeperformedo confirmexperimentallythe
feasibility of the proposednethodof operation.Theexperimentshav very goodagreement
with the simulations,and confirm that the multivesselcolumn can be easily operatedwith
Pl-controllerswith temperaturasinput signal. For agivensetof temperatureetpointsit is
confirmedthatthefinal productcompositionareindependentf theinitial feedcomposition.

Chapter 5

Theapplicationof alternatve controlstructuresvereinvestigatedn a casestudy Theinput
signalsto the single loop controllerswere compositiondrom vesselsandtraysin the col-
umn. The performancef theseschemesvasconsiderablevorsethanthe schemebasedon
temperatureneasuremensincelongtime delaysin compositionrmeasurementstronglyin-
fluencethe control performancelt wasfoundthatthe controlschemebasedon temperature
measurements the centerof a columnsectiongave the mostfavorableresultswith respect
to batchtime (enegy consumptionandeaseof operation.

Chapter 6

Corventionalandmultivessebatchdistillation columnswerecomparedn a casestudywith
respectto the net production. A reductionof enegy consumptiorof approximately50 %
were found when using a multivesselcolumn insteadof a corventionalbatchdistillation
column. The main adwantagewith the multivesselbatchdistillation is probablyits much
simpleroperationcomparedo a corventionalbatchdistillation column. Thesimpleminded
procedureto setthe temperaturesetpointsof the multivesselcolumn proofedto be rather
effective, provided column sectionsare long enough. It is establishedhatthe lengthof a
columnsectioncanbe determinedy simplesteadystatecomputations.
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7.3 Futurework

7.3.1 Continuousdistillation

Theinitial responsef a stageddistillation columnto stepchangesn the manipulatedsari-
ables(reflux flow andreboilerheatinput) have beenconsideredn this thesis. It hasbeen
demonstratedhat the dynamicbehaior of a distillation columnis strongly influencedon
the hydraulicsof liquid andvaporflows. Especially for simplified modelsthoseshouldbe
estimatedcarefullyto achieve appropriataesults.The applicationof simulationmodelsde-
velopedto describetheinitial responsef distillation columns(on the expenseof the steady
statebehaior) shouldbe investigatedhoroughlyfor simulationstudiesconcerningthe se-
lection of control structures.Especiallyif multivariablecontrol or model basedcontrolis
theaim of the study simulationmodelswith a correctasnecessaryglescriptionof theinitial
responseareof vital importance.

Althoughtheexperimentabndsimulationresultsof thiswork arein goodagreementhe
generalizatiorof theseresultswill needfurtherresearchThe presenteavork wasperformed
on one single column suchthat the validity of the “tuning”-parameterf the simulation
modelshave to be verified on otherstagedcolumns. Furtherassumptionsnadeduring the
modelingprocesoncerninghe behaior of the liquid holdupon the sieve tray anddown-
comer with respectto changesn liquid andvaporflow needfurther verification. Optical
inspectionwasnot possiblein the availabledistillation columnthustheseassumptiorcould
not be verifiedyet. However, it would be worthwhile to considerbuilding a distillation col-
umnin glassto investigatetheseeffectsin detail, especiallyverify which of the mentioned
effectshave themostextensve influenceon theinitial response.

7.3.2 Multi vessebatch distillation

Althoughtheresultspresentedhn this thesison the temperatureontrolledmultivessebatch
distillation column are most encouraginga numberof questionsare openfor further re-
search.

1. Thetotalreflux operatiormaybegeneralizedy alsoallowing withdrawal of products
(continuousor discontinuousjrom thevesselslt might belessoptimalto operatehe
columnwith all vesseldilled; consideringhatoneof the vesselsnight have reached
its productspecificatiorthis vesselshouldbe emptied. Emptyingvesselsvhich have
reachedheir specificationwill reducethe compositiontime constantin this section,
thuspurificationof the remainingcolumnholdupwill besimplified.

Additionalto allow for productwithdrawl duringoperationaddingfeedto reboileror
intermediatevesselcould be beneficial. In this way the multivesselcolumnforms a
“superstructure”which hasasspecialcasesll previously proposedatchschemesA
systematicapproacho determinepossiblefeed or productflows during operationis
neededor the multivessebatchdistillation columnto operateoptimalwith respecto
enepgy consumptiorandproductrecovery.
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2. It shouldbe establishedor whattype of mixturesandconditionsthe nev multivessel
batchcolumnis mostsuited. The until now performedsimulationwork is performed
with rathersimple models(constantrelative volatilities) suchthat the separatiorof
e.g. azeotropianixtureswasnotinvestigatedIn this contentsa screeningf the sep-
arationof azeotropicmixturesby meansof an entrainershouldbe performed. The
continuougecirculationof entrainebetweervesselcouldfacilitatethe separatiorof
an azeotropiamixture in one column,insteadof two continuouscolumnswith recir
culationof the entraineror the sequencef separatiorandentrainemregeneratiorin a
cornventionalbatchdistillation column. However, ananalyticapproacHor the screen-
ing procedureconcerningthe mixturesto be separatedn this column configuration
hasto befound.

3. In this studythe setpointsfor the temperatureontrollerswere setsuchthatthe tem-
peraturein the middle of the sectionequalthe averageof the boiling points of the
componentseparatedn that section. In generalthis is mostprobablynot optimal,
especiallyif therequirements$or productpuritiesarevery different.Researchvork to
determinea procedurevhichfindstheoptimalsetpointfor agivenseparatiomproblem
with a givencolumnconfiguratiorhasto be performed.

4. With the currentpolicy, the operationof the multivesselbatchdistillation columnis
abortedvhenall productcompositionsreachiezed. Researciasto establistreason-
ablecriterionsfor abortingthetotal reflux operationthatis, whenis theimprovement
in productpurity too slow to justify furtheroperationandhow shouldthis bedetected.
Froma practicalpoint of view somekind of compositionmeasuremerttasto be used
to determinghetime whendistillation canbe stopped.

5. The start-upof the multivesselbatchdistillation columnwas performedin a kind of
intuitive mannerandcouldbe seerastwo extremesgithertheliquid wasaddedo the
reboiler or distributed evenly over the intermediatevessels.In caseof feed streams
with identicalcomponentg e.g. numberandtype) but differentinitial compositionit
mightbelesseconomicato mix thesefeedstreamsinsteadof distributingtheindivid-
ual feed chagesaccordingto their compositionalongthe column. Somesystematic
approachs necessaryo determindf a distribution of feedover the columnis benefi-
cial.

Additionally to thedistribution of liquid overthecolumn,moreresearchnasto beper

formedtowardsan automatizatiorof the start-up. The developmentof an automatic
start-upsequenceavhichis eventdrivenwill resultin afurthersimplificationof the op-

eration.However, the start-upof theexperimentakystemproofedto beeasy provided
liquid wasfedto thereboiler An optimizationof the start-upprocedurevhichis inde-
pendenbf theinitial liquid distribution seamaecessaryo generalizehe application
of thecolumn.

6. The aboved describedesearchopicswill be solvedinitially by simulationsstudies,
which will needfurther experimentalverification, even if the here presentedexper
imental datashav very good agreementvith the performedsimulations. The per
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formedexperimentsconsideranideal feed mixture suchthatoperationof the column

wasrathereasy Simulationsmight shav thatmorecomplex mixtures,lik e azeotropic
or evenhetero-azeotropimixturescanbeseparatén this processHowever, bothsim-

ulationstudiesandtheir experimentalerificationshouldbe performedbeforegeneral
conclusiongor theapplicationof themultivessebatchdistillation columnconsidering
stronglynon-idealmixturescanbedrawn.



Appendix A

Experimental facilities

Theobjective of the experimentalWwork wasto evaluatethetheoreticasimulationresultsand
gainfurtherinsighton the compleity of the modelrequiredto describethe distillation unit
sufficiently. This approachrequirediterationof the experimentalandmodelingphasesFor
this purposes distillation columnof the Departmenbf ChemicalEngineeringNorwegian
University of ScienceandTechnology(NTNU) wasused.This columnis a sieve tray distil-
lation unit in pilot plantscale,the original pilot planthasbeendesignediy Loe (1976)and
hasbeenmodifiedlaterby Mejdell (1990).

Thefirst partof the Ph.D.studywasspenton retuilding of the distillation columnwith
redesignof several parts. Theinstrumentatiorwasimprovedto enablea bettercomparison
of experimentandsimulationresults.A PCbasedorocessontrolsystemParagorb00from
Intec Controls(Paragon,1992)wasimplementedjnterfacedto the existing equipmentand
tested. The flexibility of the control systemenableghe userto implementseveral different
controlstructuresanduserwritten C-routinegMSC 6.0 Compiler 1990).

A.1 Continuousdistillation tower

Thedistillation columnis equippedwith elevensieve trays,electricalheatertotal condenser
andreflux pumpandpreheaterA feedpumpwith feedpreheaterback-upcondenserfeed
andproducttankscompletethefacility. A flowsheetf theunitis shavnin figureA.1.

The entire unit is approximatelyé m high including the back-upcondenseunit. The
distillation columnis about3.5 metershigh, the wall is build of 2 mm stainlesssteelandis
with elevensieve traysequipped.Thedistillation tower is operatecat atmospheri@ressure.

Dueto safetyregulationsthe entireunit, tank systemandall piping is build of stainless
steel.Further the objectve of the back-upcondenseis to ensurehatvaporis condensedf
the coolerduty of themaincondensers insufiicientalternatvely in caseof malfunction.

A.1.1 Tray design

The distillation columnis build of 10 identical section,flangedto eachotherplustop and
bottomsection. The designof the sectionss shavn in figure A.2. Eachsectionis 300 mm
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high andhasa diameterof 125 mm. Betweenthe sectionseleven sieve trays (figure A.3)
with 75 holesof 2.7 mm diameterareinstalled.

— §
Condenser

Reflux
ﬂ,] ~ | preheater

Feed
preheater

Reflux

Feed
Bottom pump
valve

FigureA.1: Pilot plantscaledistillation column
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FigureA.2: Sectiondesign(measurements mm)

Thedowncomeris designedasa combinatiorof inlet weir for thetray andoutletweir for
thetray above. The outletweir heightis 30 mm for all trays. Theinlet weir is placedat the
endof thedowncomerandhasaliquid sealof 30 mmwith atotal heightof 40 mm. Therea-
sonfor this design(Mejdell, 1990)is to increasehe active areaof thetower. Thesedesign
meetrecommendationfom literature(Perry et al. 1984)with respecto active areaand
percentagéoleareapressura@ropandvaporspeedn emptytower (seechapter?). Thede-
signenablesanoperationwith approximatelyl0to 100% of liquid flow andapproximately
15to 75 % of reboilerheatinput without operationalproblems. Operationalproblemsare
mainly entrainmentyweepingandfloodingfor the columnandcondenseoverload.Thepos-
siblemaldistrikution of thefroth below theinlet weir is assumedo not have ary measurable
effecton the overall performancef theunit.

Eachtray is equippedwith a type K thermocouplewhich is placedapproximately20
mm above thetray. The sensorare150 mm long with a diameterof 1/16”. The measuring
point is not insulated,suchthat the time constantof the sensoiis belov 2 seconddor the
choserninstallation. The placements chosensuchthatthe thermocouplas still in thefroth
of thetray. The sensorarefitted to the columnby fittings andthightenby Teflonpackings
to enablemaintenanceg.g. recalibration.
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FigureA.3: Platedesign(measurements mm)

A.1.2 Reboiler

The bottomsection,depictedin FigureA.4 connectghe reboilerto thefirst tray of the col-
umn, suchthatthe vaporinlet line entersabove the outletof the downcomer This arrange-
mentis choserto avoid thatdropletsto be carriedup by theincomingvaporflow.

Thereboiler( seFigureA.4) is electricalheatedwith a maximumheatinput of 15 kW,
which is evenly distributedover 6 heatingelements.The total volumeof thereboileris 12
liter, undernormal operationapproximately4 liter are occupiedby liquid. Thereboileris
equippedwvith flangego connectdifferentialpressureell for liquid level measuremerdnd
two thermocouplesOnethermocouplaneasuresheliquid temperaturen theliquid phase,
theseconds attachedo the heatingcolil for safetyreasons.

A.1.3 Total condenserand accumulator

Thetop (figure A.5) andbottomsection(figure A.4) of the unit aredesignedo connecthe
distillation tower to reboilerandcondenserespectiely.

The total condensers dividedinto two parts,the main condense(seeFigureA.1) and
the back-upcondenser The thermocouplss fitted into the vaporline betweenmain and
back-upcondenser

To avoid excessve subcoolingof the condensedaporaliquid sealin the bottomof the
condensers installedandsomevaporpassinghroughthesealwill condense.
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From the condensethe condensediquid flows througha pipe to the accumulatar At
steadystatethe approximatelyl .5 [ of the 2.5 [ accumulatoareoccupiedby liquid.
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FigureA.4: Bottomsection(measuremenis mm)

A.1.4 Peripheral equipment

Thereflux andfeedflow is controlledby meansof dosingpumpsfrom Wallace& Tiernan,
type G-50 plungerpump. The pumpsareequippedwith a constanspeedmotor drive with
1425r.p.m. andvariablestroke lengthwhich is adjustedby a seno motor. The flow is
smoothto adjustfrom 0 to 2000ml/min, thechangdrom zeroto full capacitytakesapproxi-
mately1l minute. Thereflux pumpis controlledautomaticallywhile thefeedflow is adjusted
manually

Reflux andfeed preheateare equippedwith 1.5 kW and2.5 kW heatingelementsye-
spectvely. Thevolumesof the heatingelementsare250ml for thereflux preheateand700
ml for thefeedpreheater

Refluxandbottomflow is controlledby air actuatedheedlevalves,deliveredby Foxboro.

Theproductstreamsrecontrolledby acascadeontrolarrangemenif valve andflowme-
ter. To avoid temperaturehange®f the productstreamsheatexchangersreinstalledbe-
tweenvalve andproductflow measuremenilThe heatexchangeraredesigneduchthatthe
outlettemperaturas belov 15°C. To adjustfor viscosity changesf the productstreamsa
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linear approximationof the viscosity as function of the compositionis used. The flow is
approximatelys00ml for the distillate valve andapproximatel\350 ml for the bottomvalve
whenthe controlvalve arefully open.

The producttanksandthe feedtank areconnectedy two pumps suchthatthe products
canbe recirculatedto the feedtank. The pumpsare controlledby relay which act on the
power supplyof the pump.

130

310
—

2125

FigureA.5: Top section(measuremenis mm)

A.1.5 Instrumentation

Thedistillationunitis equippedwvith 16 chromel-alumethermocouplesyherellareplaced
in the centerof thetrays,oneeachin reboiler condenseandthe preheaterurthertwo ele-
mentswereattachedo the outershell of the column. Thethermocoupleareconnectedo a
DataTranslatiorDT 756terminalpanelwith cold junctioncompensationTheamplification
of the signalis chosernto 200times.

The temperatureontrol of feedandreflux line is basedon chromel-alumethermocou-
plesplacedin the outletof the preheateunits. The outlettemperatur®f the preheateunits
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is controlledby singleloop PI-controllerswhich senda digital signalto the control relay.

The sampletime is 2.5 seconddor the controllerwhile the sendingl/O-boardexecutesat
0.1 second.The signalis rootedto a relay which controlsthe power supply of the heating
elements.

The temperatureof the condensers controlledsuchthat the temperaturen the vapor
line (connectioncondenseand back-upcondenser)islightly lower thanthe dew point of
themixtureto be condensedThetemperatureontrolof thecondenseis doneby asolenoid
valve which adjustthe waterflow throughthe cooling pipes.

The Foxboroproductflow controlvalvesareequippedwith FoxboroTDC 3000volt-to-
currenttransmitterg0-10V to 10-50mA) andcurrent-to-airactuators.The analogcontrol
signalto thevalvesis nominallyfrom 0 to 10 Volt. To preventthe valvesfrom damagethe
allowedsignalsareconstrictedo 90 % of its maximumopening

The flow control of the reflux pumpis doneby a seno motoranda cascadeype posi-
tioner. A controlamplifier transformsthe 0-10 Volt outputsignal of the computerto 4-20
mA signalto the seno motor.

ThreeFoxborodifferential pressurecells areusedto measuraeboilerandaccumulator
liquid level andthetotal pressureropfrom reboilerto condenser

Two Turbo Messtechnikflowmetersareinstalledin the productlines. The mediaflows
vertically upwardsbetweenthe float andthe measuringing, the vertical positionis of the
float measureds proportionalto the flow. The flow measuremenis strongly influenced
by pressuralrop over the valve, temperaturendthe viscosity of the productstreams.The
correctionof theviscosityis doneby meansof the softwarein the controlsystem.

Two two-way solenoidvalvesareusedfor samplingof bothproductstreamsThebottom
samplingvalveisinstalledin theconnectindine betweerthelowertray andthereboiler The
top productsamplingvalve is placedin the reflux line behindthe reflux pump. The valves
areopenfor 0.5 secondgiving a samplevolumeof approximatelyl5 ml.

The feedtankis equippedwith two level switches,indicatingthe maximumandlower
tanklevel. Thetwo producttanksare equippedwith onelevel switchto indicatewhenthe
tanksare drainedby the recirculationpumps. The pumpsare startedwhen the feed tank
reachests minimum level andstoppedwhenthe upperlevel of the feedtankis reachedor
bothproducttanksaredrained.

All sensor®f thedistillation unit areconnectedo two DataTranslationrDT 2801-Adata
acquisitionboards.The boardshave eachl6 serialendedanaloginput and2 analogoutput
channelsadditionalthe boardsfeaturetwo 8 channeldigital I/O ports. Theseboardshave
two 12-bit A/D converterswith a maximumof 13.7 kHz throughput. The analogdigital
corversionof the boardfor the temperaturaneasuremens configuredfor aninput signal
rangeof 0 to 1.25Volt giving aresolutionof approximately0.038C.

Theremainingboardis configuredor thesensorsvhich havean0to 10 Volt outputspan.
Thedigital corversionis choserto cover anoutputrangeof O to 10 Volt.

Thermocouplesn reboilerandthe two preheatersre coupledto the safetysystemof
thedistillation unit. Thethermocoupleneasureshetemperaturgradient(overtime) onthe
surfaceof the heatingelements.Thetemperaturgradienton the heatingelements usedto
shutdavn the electricalpower supplyto reboilerand preheatersShutdavn is activatedfor
gradientsl > 5°C/min.
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A.1.6 Data acquisition and control

Thedatasamplingandcontrolunit consistof aAreol PC-70386-33MHz personatomputer
andEpsonLX-400 needleprinter.

The control softwareis purchasedrom INTEC ControlsCooperatiorandis a Paragon
500Versionl.32. Thecontrolsystemconsistof a stratgy anddisplaybuilder for thedevel-
opmentof monitorandbasiccontrolfunctions.A runtimeroutineandl/O hardwareinterface
to executethe controltask. An off-line historianmoduleenables/iewing andcorversionof
historical datainto LOTUS 1-2-3 format (Lotus, 1989). Furtherdataanalysisis donein
MATLAB (Matlab,1999). The PARAGON 500 software (Paragon,1989)allows for inter
facingof Userwritten Microsoft MSC 6.0a(MSC-compiler 1990)routines.Theseroutines
arelinkedto the controlsystemandenablethe executionof morecomplicatedasks.

All measuremen@resampledevery secondandreadinto thecontrolprogram.Datacon-
versionfrom analogto digital is performedby 12-bit A/D corvertersat the givensampling
time. Thedigital signalsarereadinto the control programby I/O hardwaredriverswritten
in MSC 6.0. Corversionof dataform digital to a numericalrepresentatiois performedby
thehardwaredriver. The analogsignalsarecorvertedby third gradefunctionsfrom rawdata
to engineeringunits (e.g. Volt to °C) andafterwardsusedfor control purposesFiltering of
the continuoussignalsis doneby a secondorderfilter with adjustabletime constant. For
temperatureneasuremersfilter time from 0.03to 0.1 minutes(2 to 6 samplesvaschosen.
After filtering the signalsareroutedto the blocksperformingthe controltask.

The datalogging routine of the dataacquisitionsystem(ParagonFS 502, version2.32)
from INTEC ControlsCooperation)s configuredsuchthattheaverageof thelastfive sample
intervalsis written to a buffer. Whenthe buffer is filled up, the entirebuffer is written to the
harddisc of the computer The loggedinput dataare: the 11 tray temperaturesieboiler
, condenser preheatetemperaturesliquid level in accumulatorandreboilet differential
pressuregstimatef top and bottom productcompositionandthe productflows. Analog
outputdatawhich areloggedarereboilerheatinput, reflux pumppositionandproductvalve
position. Additional to thesesignalsthe positionof the samplevalvesis recorded.

An off-line routineis provide to cornvert the collecteddatasetto WKS-formatwhich
canbe loadedinto e.g. LOTUS 1-2-3 formatfor further analysis. From this programthe
conversionof datato ASCII (takular) or MATLAB format(takularandgraphics)s possible.

A.1.7 Control of manipulated variables

All functionsof theoperatiorof thedistillation tower arecontrolledby the computercontrol
system.Theoutputsignalsto reboilerpower supply reflux pumppositionandthetwo prod-
uct flow valvesis updatedoncea second.The controlsignalsendbuy the computeris in the
rangeof O - 10 Volts.

Differentsinglecontrol structuresareimplementedn oneapplication.The default con-
figurationis the LV-configurationwheretherefluxflow (L) andtheheatinputto thereboiler
(V) arethemanipulatedrariablego controlxz p andzx g, respectrely. Fromthisconfiguration
thechangeto DV, (L/D)V and(L/D)(V/B) is possibleby resettingswitcheswhich root the
signalsthroughthe application. The single loop schemesaisestandardPl-controllerswith
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anti-windupandthe bumplesstransferfrom manualto automaticcontrol. Anti-windup is
implementedsuchthatthe controllerremainswith maximumor minimum outputsignaland
theintegral partof the controlalgorithmis bypassed.

A.2 Multi vessebatch distillation unit

A laboratoryscalemultivessebatchdistillation unit wasbuild to performthe experiments
neededo verify thefeasibility of theprocesandtheproposedontrolfeedbaclstrategy. The
objective wasto make the apparatusissimpleaspossible andto avoid auxiliary equipment
suchasreflux pumps.Thereforethe columnsectionsandintermediateresselsareplacedon
top of eachother The unit wasbuilt in glassand carefully insulatedto reduceheatlossto
the surroundingsluringoperation.The apparatuss operatedat atmospherigressure.

Theunit consistof areboilervesse(4 | volume),two intermediatevesselg1 | volume),
anda condensateaccumulator(1 | volumeeach). The four vesselsare connectedoy three
pacledcolumnsectionof 420mmlengthand30 mm diametemvhich arefilled with approx-
imately 400 ml of double-woundwire meshringsof 3 x 3 mm madefrom stainlesssteelby
Normschlif. A flowsheetof theentireunitis shovn in FigureA.6.

A.2.1 Instrumentation

Eachcolumnsectionis equippedwith threetype chromel-alumel-thermocouplgdacedin
the centerof the column crosssection. One thermocouplegachis placed5 cm from the
columnendsandthe third in the middle of the section. The sensorsare 100 mm long with
adiameterof 1/16”. The measuringpointis notinsulated suchthatthe time constanof the
sensolis belov 2 secondgor thechoserinstallation. The sensorarefitted to the columnby
fittings andthightenby Siliconepackingsto enablemaintenance.

The thermocoupleplacedin the middle of the columnsare usedto control the reflux
from the vesselabove by meansof two-way solenoidvalves (on-off) with an openingof
1.6 mm diametey operatedby solid-staterelays. The reflux flow is estimatedbasedon the
control signalto the solenoidvalve. The relationbetweenopeningfrequeng of the valve
andliquid flow hasbeenestablishedby calibration. Therefluxis introducedo the centerof
the column,slightly above the packingmaterial.

Thermocouplesrealsoplacedin the intermediatevesselsandin the reboiler There-
boilertemperatureneasuremergivesanindicationof the bottomproductquality. A second
thermocouplen the electricalheatedreboileris placedbetweenheatingmantleand glass
vesselto avoid excessve surfacetemperaturesThe temperatureneasuremenf the inter-
mediatevesselsallows for the control of heatingtapesfitted to the exterior surfaceof the
vessels.The primary objective of thesetapesis to compensatéor heatlossesn piping and
vesselgonnectinghe columnsections.

Level measurement@renotinstalled,aliquid leg is installedto enablethevisualinspec-
tion of vesselsaandreboilerdo give anindicationof theliquid distribution over the column.
During normaloperation]evel controlis notnecessaryo control/influencehechoserreflux
flow. In casesvherethevesselolumedecreasebelow a pre-specifiedninimumthereflux
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is fixedto aminimumandthetemperature-baseéflux controlleris overriddenmanuallyby
theoperator
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FigureA.6: Pilot plantscaledistillation column
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A.2.2 Control structure

Therefluxinto eachsectionwasusedto controlthetemperaturén the middle of thesection
below (asshavn in Figure A.6). For simplicity the setpointof the temperatureontrollers
weresetto the arithmeticmeanof the boiling pointsof the two components$o be separated
in the sectionT; = % - (Th; + Ty4+1)- Thechosercontrollertype for the experimentss a
standardPl-controller which weretunedto be ratherslow to avoid excessve controlaction
duringstart-upandin the presencef disturbances.

Thethermocouplénstalledin thereboileris usedn conjunctionwith anexternalmounted
thermocoupleo adjusttheheatinputto thereboilerby controllingthetemperatureifference
betweerreboilerandheatingmantle.

A.2.3 Designand operation data

The multivesselbatch distillation column is designedbasedprimarily on the data avail-

able by Normschlif (1990). The datasuppliedby Normschlif are for the mixture of n-

heptane/gclohexane. Thesedataareadjusteddueto the differencesn heatof vaporization,
viscosity and densitybetweenthe testmixture andthe distilled alcohol mixture consisting
of methanol ethanoln-propanokndn-butanol. The designprocesf the multivessebatch
distillation columnwas strongly influencedby a ratherunfavorableratio betweenvolume
andsurface(internaldiameterof a columnsectionof 30 mm), someadjustmenbf the de-
signweremadeduringthe operationto avoid operationaproblems.

Fromthe designinformationavailable from Normschlif (1990) (page5.3.08),a maxi-
mumliquid loadattotalreflux of L =~ 4.5kg/h with n-heptaneshouldbe possibleto process
in a columnof 30 mm diameter The viscosityat boiling point of n-hexaneis of the order
of 0.26 < u < 0.3. Theefficiengy of the packingis determinedby the vendorwith a test
mixture consistingof methylg/clohexane/n-heptand-or a columnof 1 m length,filled with
3x3 mm wire meshringsandaninternalcolumndiametenf 30 mmthey 80theoreticaltrays
arespecifiedfor total reflux operation.At theseconditionsan averageliquid holdupin the
columnof 75 ml wasdetermined.Givenaloadof L ~ 4.5kg/h , a heatinputin the order
of @p ~ 1kW andavaporvelocity in of u ~ 1m/s werecomputed.The vaporvelocity
is ratherhigh suchthatit waschoseno reducethe maximumallowed reboilerload during
operationto Q) g me; = 7001 to avoid overloadof the column.

Basedon datafrom thevendorapproximatelyB0theoreticaktagegpermeterpackingare
expected,for the multivesselbatchcolumnwith 350 mm packingper column sectionthis
shouldbe 28 trays. Assumingan efficiency of thetraysin the orderof 50 %, the separation
aliquid mixture with a constantrelative volatility «; ;11 ~ 2 shouldbe feasible. Note, we
assume ratherlow efficiency duetherathershortcolumnsections.

The designof the columnwasverified in aninitial experiment,aninitial reboilerfeed
chage of methanol,ethanol,n-propanoland n-butanol (seeTable A.1) shaws that with a
heatinput (measuredat the reboiler) of approximately@, ~ 500.J/s the columnoperates
without flooding in all three sections. Neverthelesghe packingmaterialin column 3 is
wet, suchthat this reboiler duty is mostprobablythe limit of operationwithout flooding.
Liquid accumulatioron the surfaceof the packingstructures assumedo bethefirst visible
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indicationthata paclkedcolumnis approachinghefloodinglimit. Thenumberof theoretical
stagess computedbasedon the Fensle formula(seeAppendixto chapter6).

TableA.1: Initial feedchage andfinal productcomposition gz = 350W

component methanol| ethanol| n-propanol| n-butanol
Q4 7.8 4.5 2.3 1
volume[l] 0.3 0.43 0.54 1
Feed holdup[mol] 7.39 7.36 7.22 10.93
composition 0.225 0.224 0.220 0.332
Vessel M, M, M M,
Product composition 0.96 0.93 0.94 0.96
Numberof theoretical
stagedetweernvessels 8+1 10+1 8+1

A.2.4 Data Acquisition and control

The sensorsnstalledat the pilot plantareconnectedo a DataTranslationDT 2801-Adata
acquisitionboard.Theboardis equippedvith two 12-bit A/D corvertsandareoperatecata
samplingfrequeng of 1 Hertz.

Thepilot plantis equippedwith 16 thermocouplesvhich areconnectedo a DataTrans-
lation DT 756-Y terminalpanelwith cold junction anda signalamplificationof 200. The
conditioning of the temperaturaneasurements performedby meansof a secondorder
polynominalby the controlsoftware.

The controlsoftware(ParagonFS 502, version2.32)from INTEC ControlsCooperation
is installedon a personalcomputerwith 286 CPU. The control systemconsistsof control
stratgyy, operatordisplayandl/O-hardwareinterfaceto communicatevith the processAll
analogsignalsarefiltered by a filter with a time constantof 5 seconddor noisereduction.
The dataloggingroutineis configuredsuchthatthe averageof thelasttensampleintenals
is written to a buffer andlaterto the hard-disdfor furtheranalysis.

Reflux flow to the column sectionsis controlled basedon temperatureneasurements
from the centerof eachcolumnsection,the measuremeris fed to a standardPI-controller
(with bumplesdransferandanti-wind-up). The continuouscontrol signalis transformedo
a setof pulses,passedhrougha Data TranslationDT28011/0O-boardto a solid-staterelay
which controlthereflux flow by a solenoidvalves(on-off) which operatest afrequeng of
0.2Hz.

Thereboileris controlledby a seriesof solid staterelays,which control 4 independent
heatingcoilsinstalledin theheatingcap. Thedistribution of heatingelementd to 4 is shovn
in figure A.7. The control of thereboileris configuredsuchthatthe surfacetemperaturef
theheatingelementss keptconstant.Thesetpoints fed to the PID-controller(seeFig. A.7)
andbasedon the deviation, surfacetemperatureand setpoint,a control signalis computed
andsendto thesolid staterelays.The heatinputis controlledby relaysby cuttingthe power
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supplyto the respectie heatingelements.A control signal of 50 % correspondso equal
time intervalswerethe heatingelemenis On andOf f.

Eachelementhasa maximumeffectof Q... = 275J/s. Elementsl and2 areintercon-
nectedand receve anidentical signalfrom the relays(marked 100%). The thermocouple
usedto controlthe surfacetemperatures positionednearheatingzone2. Elements3 oper
atesat 50 % and4 at 25 % of theload of elementl, respectrely. This schemevaschosen
to avoid overheatingof the heatingelementdnstalledin position3 and4 whenthe reboiler
level decreaseduringoperation.In TableA.2 we shav how thereboilerduty is computed
basedon thecontrolsignal.

TableA.2: Enegy inputasfunctionof controlsignal

control enegy input totalenegy
signal perelement input

1& 2 3 4
[ %] [JIs] | [IIs] | [I/s] [J/s]

10 55 | 27.5 | 6.88 89.38
50 275 | 68.75| 34.38| 378.13
100 550 | 137.5| 68.75| 756.25
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FigureA.7: MultivesseBatchDistillation: Reboilercontrol

A.3 Product compositionanalysis

For productcompositionanalysisa ChrompackCP 9000GasChromatographvith a Flame
lonizationDetector(FID) andon-columninjectoris used.Thegaschromatograpls equipped
with a ChrompackCP-Wax 52 CB fussedsilica capillary columnof 10 m lengthand0.53
mm internaldiameter The stationaryphaseof the columnis 0.42 um thick the heightof a
theoreticalplatefor this columnis HETPR,,;,, = 0.446mm. The advantageof the wide bore
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columnis the considerableshorteranalysistime for a sample.To avoid overloadingof the

capillary GC-columnandthe detectora dilution ratio of 1:10000f sampleanda solventis

chosenDistilled waterwaschoserasasolvent,sincethe FID detectordoesnotdetectwater

furtherorganicimpuritieswhich caninterferewith themeasuremerdrenot expected.
Theoperationparametersf the GC arethefollowing:

Gas flows inlet pressure
Carriergas  Nitrogen 3 ml/min 200kPa
Makeupgas Nitrogen 27 ml/min 200kPa
Detector Air 200ml/min 200kPa
Hydrogen 30ml/min 200kPa

Analysis of ethanoland butanol samples
The analysisprogramof the gaschromatographvas optimizedfor the analysisof ethanol
andbutanol,temperaturefor the unit aresetto:

Temperaturenjectionport 230°C

Temperatureletector 250°C
Oventemperature 100°C for 3.5min followed by aramp
50°C'/min to 180°C'

Final oventemperature 180°C for 5 min
to clean/rgenerateolumn

Analysis of methanol, ethanol, propanol and butanol samples
Thesamplesdravn from thedifferentvesselof the multvessebatchdistillation columnand
afeedsampleareanalyzed Operationparametersf the GC are:

Temperaturenjectionport 240 °C

Temperatureletector 250 °C
Oventemperature 40°C for 0.5min followedby aramp
10°C/min to 150°C

Final oventemperature 150 °C for 10 min
to clean/rgienerateolumn

Calibration procedure

Samplesof approximately60 ml are prepared consistingof 50 ml main componentand
approximately?2 ml of the impurities. As internalstandard2-pentanof2 — PeOH, index
std ) is chosenapproximately0.5 gr areaddedto the sample.The samplesizeis choserno
reduseerrorsduringsamplepreparation.

This give acalibrationwherethemaincomponents z = 0.85 onmolarbasis.Variations
of therelative responsdactorareratherlimited, evenwhenthe amountof maincomponent
isincreasedo x ~ 0.98. Known samplesareanalyzedandtherelative respoinsdactorsare
computedaccordingto thefollowing formula

m; ] Astd

RF = (A1)

Mstd A'L
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whereindex std denotegshe internal standardand: the componentgo be analysed. The
relative responsdactoris computedin this mannerto reducethe influenceof the injected
amount(Note we apply the arearatios and not the absolutearea). The calibrationis per
formedon massbasisandNOT on molarbasis.

Responséactorsof methanol,ethanol,n-propanolandn-butanolrelative to 2-pentanol
(2 — PeOH) arecomputedo

RF =[2.2332,1.4919, 1.1366, 1.0081, 1.0000] (A.2)
the standarddeviation for this calibrationmethodwasdeterminedo
RF4 =[0.0763,0.0722,0.0306, 0.0257, 0] (A.3)

from frequentrecalibration.

Analyzing an unknavn sampleconsistsof the samesteps the total sampleweight and
therelative responsdactorsareknown. The massof the impurtiesis determinedoy analy-
sisandthemassof themaincomponenis computedrom amaterialbalanceoverthesample.

Procedure for analysis

e Thesampleis filled into a vial, the net-weightof the sample(approximatel\20m! ~
15 — 16gr) is determinedy a microscaleand0.2g 2-pentanol2 — PeOH) is added.

e 10 ul of that sampleis diluted in 5 ml of water we choosewater as solvent since
the utilized FID-detectordoesnot detectwater thusorganicimpuritesfrom a solvent
couldbeavoided.

e Injectionof the sampleinto theinjectionport of the GC. The detectorof the gaschro-
matographs rathersensitve to overloading suchthata smalleramountof the heavier
products(e.g. n-butanolrich fractions)like bottom productthan top product(e.g.
methanokich fractions)waschoserto inject:

sampletype amountinjcted

feed 0.1pl
methanol  0.1ul
ethanol 0.08ul

1-propanol  0.07ul
1-butanol  0.05ul

After 10 samplesthe columnwasregeneratect 200°C for 10 minutesto remove possi-
ble depositf heavier component$rom the column.

Thegaschromatograpls interfacedio aCommodoresX386personatomputeifor data
acquisition. The analysisprogramMOSAIC by Chrompack(ChrompackMosaic,1990)is
usedfor basicanalysissuchasdeterminatiorof the area-ratioof the two componentsThe
final dataanalysissuchascorversionof rawdata(area-ratiofo compositionds donewith
Matlah
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A.4 Distilled system

Thechemicakystemdistilled in thedistillation columnshaveto fulfill thefollowing require-
ments:

e Thecontinuoudistillation columnconsistof 11 sieve traysandthe multivessebatch
distillation columnconsistof sectionsapproximately8 trayseach.High purity distil-
lation requiresafairly high relative volatility.

e Themixture shouldnot beto toxic.

e Boiling temperaturebelov 120° C for the higherboiling componentdue to safety
considerations.

e Analysisof the productsampleshasto beuncomplicated.

e Fairly idealbehaior of the componentsiuringdistillation, e.g. no azeotrop.

e At leastoneof thecomponentshouldhave acharacteristiodorfor afastdetectionof
leaks.

The above listed requirementsare fulfilled by the systemmethanol,ethanol,n-propanol
and n-butanol. In the continuouscolumn high purity separation®f ethanol/n-bitanoland
methanol/n-propanare possible. The multivesselbatchdistillation columnwasoperated
with all four componentsThe propertief the systemsaresimulatedusingASPEN- Prop-
ertiesPlus(AspenProperties?lus,1988-1999andarecomparedo thepurecomponentata
givenby DaubertandDannert(1989)and GmehlingandOnken (1977). A collectionof the
mostimportantthermodynamiaatais presentedn TableA.3

TableA.3: Thermodynamidataof components

component methanol1) | ethanol(2) | n-propanol3) | n-butanol(4)

Ty °C 64.96 78.5 97.4 117.25
T, K 338.11 351.65 370.55 390.4
M kg/kmol 32.04 46.07 60.11 74.12
p% kg/m3 791 789 804 810
plot kg/m? 745 747 764 772
plo? kg/m3 735 737 756 764
ple3 kg/m3 714 717 736 745
plot kg/m? 691 694 714 725
u? 107*Pa - s 5.97 12.0 22.56 29.48
ut 10 *Pa-s 4.03" 5.04° 7.6 0.54%0
ulo 10~*Pa - s 4.925 3.712 2.926 *

AHY, K J/mol 37.4 42.2 47.35 52.2

AHSZ;I, K J/mol 35.0 38.7 41.22 43.14

* Notlisted

Thedensityof thealcoholsarefoundin HalesandEllender(1976). Theviscositiesof the
components?° andu” arefoundin Weast(1978)while n» wasextrapolatedrom Stephan
(1988). The heatof vaporizationof the componentss foundin Majeretal. (1985).



A.4. Distilled system 155

Bibliography
1. ASPENPROPERIESPLUS,"UserGuide,Releas®”, AspenTechnologylnc.,Cam-
bridge,USA, 1988-1999
2. ChrompackMOSAIC “User Manual”, Chrompack;The Netherlands1991
3. Daubert, T.E. and R.P Danney “Physical and ThermodynamicPropertiesof Pure
Chemicals” DataCompilation,1989
4. Gmehling,J.andU. Onken,“VaporLiquid Equilibrium DataCollectionOrganicHy-
droxy CompoundsAlcohols”, ChemistryDataSeriesVol. |, Part2a,1977
5. Halles,J.L.andJ.H. Ellender “Liquid Densitiesfrom 293to 409K of nine Aliphatic
Alcohols,J. Chem.Thermodynamics/ol. 8, pp. 1177-184,1976
6. Heckenbeger, T., “ThermalConductvity andViscosityDataof Fluid Mixtures”, Chem-
istry DataSeries Vol X, Part1, 1988
7. Loe, I. “ Distillation ColumnModeling, Dynamicsand Control”, Phd-ThesisNTH-
TrondheimNorway, 1996
8. LOTUS 1-2-3Releas8, “ReferenceManual”, LotusDevelopmenCorporationCam-
bridge,USA, 1989
9. Majer, V. andV. Swoboda,'Enthalpiesof Vaporizatiorof OrganicCompounds”Chem-
ical DataSeriesVol. 32,1985
10. MATLAB, “High-Performancé&umericComputatiorandVisualizationSoftware,Ref-
erenceGuide”, The MathWorks, Inc., Massachusett$§)SA, 1992-1999
11. Mejdell, T., “Estimatorsfor ProductCompositionin Distillation Columns”,Phd-Thesis,
NTH-TrondheimNorway, 1990
12. Microsoft C 6.0aOptimizing Compiler “ReferenceManual”, Microsoft Corporation,
RedmontUSA, 1990
13. Normschlif, “Distillation Plants”,5.3NGW, Wertheim,1990
14. Normschlif, “GlassPlantsandComponents”Wertheim,1994
15. “Paragonb00 Intuitive Softwarefor Industrial Automation,UserManual”, Intec Con-
trols CorporationWalepole Massachusett$§)SA, 1992
16. Perry H.R. andD. Green(Ed.), “Perry’s ChemicalEngineersHandbook”,McGraw-
Hill ChemicalEngineeringSeries50thedition,1984
17. Smith, J.M. andH.C. Van Ness,"“Introduction to ChemicalEngineeringThermody-
namics”,4’th Ed, McGraw-Hill ChemicalEngineeringSeries 1987
18. Weast,R., (Ed.), “Handbookof Chemistryand Physics”, 58" edition, CRC Press,

1977-1978






Appendix B

Obtain operational parametersof a
distillation column

In this chaptertheexperimentaprocedures$o determineoperationaparametersf acontin-
uousdistillation columnwhich describehe dynamicsof a distillation columnarepresented.
Theseexperimentsvereusedin aninteratve mannetto determinecoeficientsappliedin the
simulationmodelspresentedn chapter2.

Experimentgperformedwerestepchangesn reflux andvaporflow, tracerexperiments,
measurementsf the pressuralrop over the columnanddumpingexperiments.Fromthese
experimentst waspossibleto find:

e Initial temperatur@gesponses
e Columnholdup

e Hydrauliclag

e Residencgime

Thedistillation column(seeFigureB.1) usedfor theexperimentss equippedwvith eleven
sievetrays,anelectricalheatedeboilerandwatercooledcondenserThefeedandreflux are
suppliedby meteringpumps,the temperatureof thesestreamsis controlledby electrical
heaterunits. For amoredetaileddescribtionwe referto appendixA.

The instrumentatiorof the column consistsof thermocouplegplacedin the centerof
eachtray, reboiler condenseandthe preheateunits. The holdupof reboilerandcondenser
is measuredy differential pressurecells. The feed and producttanksare equippedwith
level sensorgo indicatedrainingor overflov of the tanks. The processs interfacedvia a
Hewlett-PackardTDC 2000to a PC-basegrocesscontrol systemby Intec Controls. The
control systemParagon500is configuredto sampleat a frequeng betweenl and5 Hertz,
dependingn type of measuremerdandthe experimentgerformed.

The tray numberingfor the pilot plantis chosenfrom bottomto the top. The reboiler
temperatureé denoted(7,.;), the tray temperaturesire from tray 1 (7) to tray 11 (714),
countingfrom the bottomto the top, the temperaturesf reflux, feedand condenseputlet
aredenoted(7y), T and (TF), respectiely. The holdupin reboilerandaccumulatorare
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denotedM, and Mg, respectiely, theseholdupsare measuredn [/]. The pressurén the
reboilerof thedistillation columnis measuredn [mbar] anddenotedpy,, .

—t1
' Condenser
I
! |
I
I
I ! !
I ! !
| I

Reflux
" preheater

preheater

Feed

FigureB.1: Pilot plantscaledistillation column

Note: In the here presentedAppendixthe tray numberingof the continuoudistillation
columnis frombottomto top, with thereboilerdefinedas“0”; thisis in the oppositeorder
compaedto thedatapresentedn chapter?2.
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B.1 |Initial temperatureresponse

B.1.1 Definition of the initial time constant

The dynamicsof a procesanbe determinedrom the responsef the procesdo pulsesor
stepsn themanipulatedrariables.If theprocesss linearandat steadystatebeforetheinput
is changedhe processdynamicswill be determinedyy a transientresponsexperiment.in
practice,it is difficult to ensurethat the processs at rest, further measuremenoisewill
corrupttheresponses.

A stepor pulserespons&anbe obtainedby thefollowing procedure Whenthe process
is atrest,thecontrolleris setto manualandthe controlvariableis changedapidly to its new
value. Examplesof openloop stepresponsesreshavn in FigureB.2. Many propertiesof
the processanbe obtaineddirectly from the recordedstepresponseThe processn Figure
B.2 (a) is stablewhereasn FigureB.2 (b) an unstableprocesds presented.For a linear
systemthe shapeof the stepresponseloesnot dependn the magnitudeanddirectionof the
input signal. Stepresponsexperimentsarean easyway to characterizeéhe dynamicsof a
givenprocesslueto its simplephysicalinterpretation.

The time constantis definedasthe time elapseduntil a processadjustto a changein
input, thevalueof theresponseeache$3.2% of its final valueafteronetime constant.

Theslopeof the (normalizedyesponsatt = 0" is equalto 1.

M |t:0+: e(_t/T) |t:0+: 1 (Bl)

d(t/7)
Determinegraphicallythetime constanof thefirst-orderlag processs showvn to theleft (a)
in FigureB.2. Thetransferfunctionof the processs:

K —0s

G(S): 1+576

(B.2)

The initial time constantof a nearly capacitve processs shown to theright (b) in Figure
B.2. A capacitve proceswith delayis describedy:

K —0s
= %e
themodelis characterizethy thegainK andthetime delayf. A reasonablgooddescription

of the procesdehaior is possibleat time scalef, the static(low frequeng) behaior is not
well defined.

G(s) (B.3)

B.1.2 Hydraulic time constantestimatedfr om experiment

L = (JML/éL)V (B4)

Thehydraulictime constant;, describehedependengof theinternalliquid flowsd L on
themanipulatedrariablesd L. We assumeonstanmolarflows anddV = dV; = constant
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a) b)

y(® y(®)

9/ T th 0 th

FigureB.2: Dimensionlessespons®f aprocesgo a stepchangdn input, (a)first-orderlag
process(b) almostpurecapacitve process

(Rademakr et.al, 1975, Skogestadt.al, 1988). The numberingof the traysis from thetop
anddown. Themasshalanceovertrayi :

dM;
=dL,_, —dL; B.5
dt dLi1—d (8:5)
andthetray hydraulics:
1
dL; = —dL;_1 + \dV (B.6)
Ti

insertthe Laplacetransformof Eq. B.5 into B.6 yields:

1 TLS
dL; = dL;_ AdV B.7
14718 1+1+TL8 (B.7)
rearrangehis equationo
dL; = #db +{1-— AdV (B.8)
v 1 -+ TLS ol 1 TLS '

repeatedppplicatiorof Eq. B.8 from thereboilerto theuppermosttray (N trays)yields:

1 1
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were Ly denoteghe liquid outflow responsef the N*-tray to a changein reflux. The
responsef theliquid flow onstageN is acascadef first-orderresponsexnefor eachtray.
Introducethe following approximation:

1

~ e NTLs — —fs B.10
(1+7'L8)N ¢ ¢ ( )

yields:

dLy ~ e dLy + (1 — e %)\adV (B.11)

From Eq. B.11 we canestimatethe hydraulictime constantfrom the measuremenbf
the delay betweena changein externalreflux until the liquid outflow of tray N changes
9L ~ TLN.

Approximatetheliquid time constanfrom experimentcanbedoneby obsenationof the
temperatur@esponséo increasen L. Observingtheinitial responséseeFigureB.3) will
indicatethe time a reflux flow changeneedsto propagateahroughthe column. Secondary
effects,which arethechange®f theliquid compositiononthetrayswill notbeconsidered.

A to

FigureB.3: Determinatiorof the hydraulictime constanfrom measurementdf thetemper
atureresponsesf traysi andi+k

B.1.3 Experimental procedureto obtain theinitial temperatureresponse

A brief descriptiorof theexperimentaproceduress given. Thetime constant®f theprocess
aredeterminedrom experimentaverestepchangesn onecontrolloop areperformedwhile
the otherloop was not perturbed(i.e. the signalto the actuatorwas kept constant). The
manipulatedvariablesusedarethe control signalto reboilerheaterandreflux pump. These
manipulatorsettheheatinputto reboilerandthevolumetricrefluxto thedistillationcolumn.

During the experimentsthe holdupsof accumulatorandreboilerare controlledby ma-
nipulationof distillateandbottomproductflow, respectrely. Theresponseareloggedsuch
that approximatelyl00 s prior to the stepchangedarerecordedandapproximatelyl500s
afterwards.
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Theintentionis to recordthe initial responsesf temperaturesn tray 3 and9, bottom
pressureandholdupin reboilerandaccumulatar Trays3 and9 arechosenrsincethesetray
temperaturesre mostsensitve to stepchangesn the manipulatedvariables(seeFigures
e.g. B.12andB.13). Thesetray temperaturewill lateronbeusedasinputto thecontrollers
of distillate andbottomcomposition. The influenceof the reboilerheatinput is largeston
thetemperatures the bottomof the column,while areflux changewill primarily affectthe
upperpartof the column.

For experimentswere the productsamplesare taken, the shortestsamplinginterval of
the productflow compositionis in the rangeof 100 to 200 s. During the courseof the
experimentsthe samplinginterval is increasedo avoid the analysisof anextensve number
of samples.

Theexperimentperformedaredonewith manualkettingof refluxandreboilerheatinput
which correspond$o anopen-loopLV-configuration.Thecolumnis operateditatmospheric
pressuren the condensesuchthata pressureontrolloop is not necessaty

Procedure: Experiment 1 to 4 Thecontrolof accumulatoandreboilerholduparedone
by PI-controllersactingon distillate andbottomflow, respectiely. Thecontrolloopsfor the
holdup are cascaddoopswith PI-controllers. The time constantof the secondaryioop is
approximatelya tenthof the primaryloop to ensurea reasonableesponsef the secondary
controllet

Procedure: Experiment 5 to 7 For experiments5 to 7 the holdupsare uncontrolled,
suchthatthe hydraulicsof the columnis investgated.

At theendof theexperimentall controllloopsareplacednto manualuntil themeasure-
mentson tray temperatureandlevels arestabilize,reboilerandreflux pumpareshutdown
simultaneoushaswell asproductvalvesareclosed.This shut-davn procedures performed
to determinghe columnholdupby measureinghe changean reboilerandaccumulatdevel.

B.1.4 Resultsinital temperatureresponse

Experiment 1 to 4: Holdup controlled

The presentedesponsesre for trays 3 and 9 aswell as productcompositions. Experi-
mentsl to 4 areperformedwith analysisof feed,top andbottomcompositionsThe control
of reboilerandaccumulatodevel is doneautomaticallyby meansof distillate and bottom
flow. The steadystatedataof experimentl to 4 beforeandafterthe stepchangearelisted
in TableB.1. Thedataarethe averageof atleast50 measurementgrior to the stepchange.
Thefinal steadystateis definedto beatime interval of 50 sapproximately300to 900s after
the stepchangewasintroduced.

The experimentakonditions time constant@anddelayof experimentsl-4 arecombined
in TableB.2. Thenotationfr4 indicateshetime delayfrom achangen a manipulatedrari-
able(L orV) until thetemperatur@ntray 9 startsto deviatefrom its formersteadystate.The
entriesin TableB.2 which aremarked with (*) werenotidentifiedfrom the availabledata.
Especiallyfrom the responsesvhich are similar to anintegratorit is difficult to determine
theinitial time constan{e.g. Exp. 2).
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TableB.1: Steadystatedatafrom experimentsl to 4
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B.1. Initial temperature response

Therow denotedwith timeindicatesthe timeintervalswhich are usedto computetheinitial

andfinal steadystatedata.

3.75kJ /s to

3.3kJ/s att = 111s. Sincetheinitial responses of interest,thefirst 400 seconds

A stepchangeis introducedin the reboiler heatsupply from initial @ g
Boo —

Q

Experiment 1, decreasein boilup
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afterthe stepchangan the manipulatedsariableis displayed.FigureB.4 shavs the product
compositionresponséo thereductionin reboilereffect. A decreasén reboilereffectgive a
lower purity of the bottomproductanda higherpurity of thetop product.

TableB.2: Experimentakonditionsof experimentsl to 4 andthe experimentaldetermined
time constant@anddelays

Exp.1 | Exp.2 | Exp.3 | Exp.4
F L 250 | 250 | 250 [ 250
zF mol 050 | 054 | 056 | 052
Tr °C 91.0 | 910 [ 91.2 | 920
TL °C 77.0 | 780 | 785 | 785
stepat s 111 | 231 | 364 | 248
stepin Qs Qs L L
Lo oL 12498 | 249.8 | 329.2 | 4185
Lo ml 1 249.8 | 249.8 | 382.7 | 382.8
AL ml 0.0 00 | +52.8] -35.7
@Bo £ 375 | 3.6 45 5.4
QB £ 33 | 405 | 45 5.4
AQB £ -0.45 | +045| 0.0 0.0
Tp mol 1 0.9844] 0.9988| 0.9826| 0.9909
TB mol 1 0.0027] 0.0225] 0.0031]| 0.0055
Krs +223] +1.11[ -1.08 [ -2.28
Og s °n ls
O7s s 269 | 116 | 265 | 405
T3 s 69.8 | 26.7* | 847 | 785
43T; 10722¢ | -148 | +4.51 [ -0.87 | +1.09
Kry +4.66] +0.88[ -2.04 | -5.22
Og s °n ls
f19 s 50.8 * 167 | 177
19 s 92.1 * 75.0 | 103.8
=L 10722¢ | -1.48 * -1.43 | +0.97
0Ps 1 s 3.8 1.5 * *
[Abprs—9 | s | 239 ] * [ 138 [ 2238 |
* not possibleto determindromdataset; ** valueratherinaccurate
definitionof K = je=s=—Tl=0

Theinitial responseto a stepchangen thereboilerheatsupplyis shovn in FigureB.5.
The time delay from the changein reboiler heatinput until the temperatureon tray 3 (-)
reactsis # = 23.7 s with aninitial time constanbf r = 31.5 s. The correspondinglatafor
tray 9 (- -) areatime delayof # = 43.4 s with aninitial time constanof 7 = 76.8 s.

CompareFigure B.4 and B.5 shows that the responseof the tray temperaturess con-
siderablyfasterthanthe productcompositionresponseAppropriatecontrol of a distillation
columndepend®n measurementghich arefastandreliable. Sincethe delaybetweerstep
changeandtemperaturehangeontray 3 is abouthalf thetime comparedo thecomposition
changetemperatureascontrolledvariablewill be preferable.Note thatmeasurementelay
dueto compositionanalysisis not included,the sampleswere collectedand analyzedoff-
line. On-linesamplingwill requirea samplingrangeof approximately20 - 25 minutes.For
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a distillation columnwith an open-looptime constanin the orderof 2 minutesthis is not
acceptabldérom a controlpoint of view.

Theinitial responsef the bottompressureo the stepchangen thereboilerheatsupply
is shawvn in Figure B.6, we find # = 3.8 s. The delayfrom reboilerload changeto the
temperatureesponsen stage3 is determinedo A3 = 26.9s andon staged to 79 = 50.8s.

The productflows whereundera rathersluggishtunedcascadeontrol, suchthata fast
responsef the productflow to the stepin reboilerheatinput is not expected. The bottom
flow is changingapproximatelys2s afterthe stepin reboilerheatsupplyis performed.The
distillate flow startsto changeconsiderabhyatt = 225s, thatis 114 s delayed.Fromthe ex-
perimentsverethe productflows areunderautomaticcontrol,we do notgetary information
onthehydraulicsof the column.

Experiment 2, increasein boilup

Thereboilereffect wasincreasedrom Q) gy = 3.6kJ/s 10 Qps = 4.05kJ/s att = 231s.
Theincreasen reboiler heatinput give a more pure bottom product(seeFigure B.8), the
compositionof thetop productis almostunchangedTheinitial respons®f tray 3 to thestep
changen thereboilerheatsupplyis shovnin FigureB.9wefoundfr; = 11.6 s, 7 = 26.7 s.
Thetime delayandtime constanton tray 9 to stepchangein reboilereffect are not deter
mined(seeFigureB.9) dueto the shapeof the responseTheinitial responsef the bottom
pressureo the stepchangein the reboilerheatsupplyis shavn in FigureB.10, we found
epbtm =1.5s.

lofiProduct composition of experiment 1 Initial response, T3 -, T9 - -

6X

composition x
temperature [C]

0 100 200 300 400 500 600 700
time [s] -3

100 260 i 3(;)0[] 460 560
ime S

Figure B.4: Experimentl, compositionsof _

productsamples* distillate composition,+ FigureB.5: Experimentl, responsef tem-

bottomcomposition peratureon tray 3 and 9 to a changein re-
boiler effect, Stepfrom 3.75kJ/sto 3.3 kJ/s
att=111s.

For the secondexperimentwe have chosento tune the cascadeontrollersfastercom-
paredto experimentl. Therespons®f the bottomflow followsimmediateafterthereboiler
heatsupplyis considerablyfaster

The propagatiorof the temperaturgorofile in the investigatedlistillation tower during
a stepchangeis shavn in FigureB.12 and Figure B.13. The temperatureprofile over the
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columnshawvs the movementof thezoneof massransferfor timest = [200, 400, 600, 800]s
dueto thechangen reboilereffectatt = 231s. FromFigureB.12we seethatthetray tem-
peratureontray 3 is particularysensitve to a stepchangdn reboilereffect. Thetemperature
increasedy approximately6°C.

Initial response, P_BTM (-) to step in Qb (- -) Product flow response to step in boilup
23 40 T T T T
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Figure B.6: Experimentl, responseof the

bottompressurdo achangean reboilereffect
att=111s

Figure B.7: Experimentl, responseof the
productflows to a changein reboiler effect
att=111s

FigureB.13shavsthetemperatureesponsesntraysandreboiler thetime atwhichthe
boilup is incrementeds markedby theverticalrule. Thetemperatur@ntray 3 follow afirst
orderplus deadtime type of responseThetemperaturet the opppositeendof the column
(trays9to 11) arealmostconstantespitethe stepchange.Thetemperaturefistedin Table
B.1 asinitial steadystateis the averageof thetime interval t = 180to 230s, thefinal steady
stateis choseno bethe averageof thetemperaturérom t = 800to 850s.

Product composition of experiment 2 Initial response, T3 -, T9 - -
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Figure B.8: Experiment2, compositionsof

productsamples distillate composition,+ FigureB.9: Experiment2, responsef tem-

bottomcomposition peratureon tray 3 and 9 to a changein re-
boiler effect. Stepfrom 3.6 kJ/sto 4.05kJ/s
att=231s
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Initial response, P_BTM (-) to step in Qb (- -)
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Figure B.10: Experiment2, responseof the
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Figure B.12: Temperatureprofile over the
distillation column for experiment2, att =
231theboilupis increasedrom Qp = 3.6t0
4.05kJ/s(Thenumberingof thetraysis from
bottomto top, tray O is thereboiler)

Experiment 3, increasein reflux
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Figure B.13: Temperaturgesponsesgor ex-
periment2, att = 231theboilupis increased
from Qg = 3.6t0 4.05kJ/s(The numbering
of the traysis from bottomto top, tray O is
thereboiler)

Theresponsef theproductcompositiorto astepchangen refluxflow (onvolumetricbasis)
is shovn in FigureB.14. Thereflux flow is changedrom L = 329to 383 ml/min attimet
= 364s. Theanalysisof the samplegyive a ratherinconsistentesponseAs time increases,
the distillate compositionincreasesand the bottom purity decreasesThe initial response
of tray 9 to the stepchangein reflux flow att = 364 s is shown in Figure B.15 we find
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013 = 26.5 s, 73 = 84.7 s for tray 3 andfrq = 16.7 s, 7rg = 75 s for tray 9.

X 10*3 Product compositions of experiment 3
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FigureB.14: Experiment3, compositionof

productsamplesdistillate * composition,+ FigureB.15: Experiment3, respons@f tem-
bottomcomposition peratureon tray3and9 to a changen reflux

flow. Stepchangein reflux flow from 329.2
to 382.7ml/min attimet = 364s.

The changan reflux flow do not have any measurablénfluenceon the columnpressure
drop,seeFigureB.16. A stepchangeof approximately60 ml/min reflux by constanboilup
will increasdheclearliquid heightabove weir by approximatelyh,,,, = 0.4mm, this corre-
spondsto anincreasen pressuredrop by Ap = 0.028mbar which is not measurablavith
theavailablepressuresensor
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Figure B.16: Experiment3, responsef the

bottompressuranincreasean reflux flow Figure B.17: Experiments, responsef the

productflowsto achangen reboilereffect at
t=364s

Theincreasan reflux flow att = 364 s resultsin areduceddistillate flow andincreased
bottomflow. Thetime neededor theadditionalreflux to reachthereboileris ratherdifficult
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to determine,sincethe estimationis considerablydependenbn the speedof the bottom
flow controlloop. We seethatthe bottomflow responses delayedby approximatelyl00s
comparedo the stepin reflux flow.

Theliquid flow dynamicof the distillation columnis considerablyfasterthanthe com-
positiondynamic. Thetemperaturesn stages3 and9 areinitially influencedby the liquid
flow changesn the columnandnot by the changeof compositionon thetray above.

Experiment 4, decreasein reflux

The compositionresponseo a decreasen reflux is shavn in Figure B.18. The initial
responseof tray 9 to the stepchangein reflux flow is shavn in Figure B.19, we found
O3 = 40.5 s, 73 = 78.5 s for tray 3 andfrg = 17.7 s, 709 = 103.8 s. Thedetermination
of thetime constantgseeFigureB.19)is ratherdifficult, sincethe processactslik e a capac-
itive processnsteadof afirst orderprocessAs seenfrom FigureB.20,the columnpressure
dropis almostunchangedaftertheapproximatelyl 0 % stepin reflux flow, productflows are
presentedn FigureB.21.

Experiment 5to 7: Holdup not controlled

Thesesecondseriesof experimentsis performedto determinethe hydrauliclag through-
out the distillation column. The experimentsare performedwithout level control of both
reboilerandaccumulatarThe steadystatedatafor experiments to 7 arepresentedh Table
B.3 andin TableB.3 andB.4. The steadystatedatapresentedrethe averageof atleast50
measurementgrior andafterthe stepchange.Theliquid andvaportraffic in the systemis
increasedomparedo experimentsl to 4 (seeTableB.1).
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FigureB.18: Experiment4, compositionf
productsamplesdistillate * composition,+  FigyreB.19: Experiment, responsef tem-
bottomcomposition peratureon tray 9 to a changein reflux flow

att = 248 seconddrom to 418.5ml/min to
382.8ml/min
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Initial response, P_BTM (=) ,L (- -) Product flow response to step in reflux flow
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Figure B.20: Experiment4, responseof the
bottompressurdo achangean reflux flow

Figure B.21: Experiment4, responseof the
productflowsto achangen reboilereffectat
t=248s

TableB.3: Experimentabataof experiment5 to 7

variable | dimension Experiments Experiment6 Experiment7
to ty to ty to ty
Trep °C 118.6045| 118.6336| 118.7738| 118.9800| 119.8710| 119.7464
T °C 117.1996| 116.7045| 117.4376| 117.6355|| 117.8319| 116.0682
T °C 116.6139| 114.8309| 117.2086| 117.5027| 116.8226| 114.5664
T;5 °C 114.9569| 109.9427| 116.7529| 117.3282| 113.4145| 107.8200
T, °C 110.7343| 99.7791| 115.6357| 117.0800| 107.6316| 99.2418
T; °C 08.8170| 88.0182| 110.3352| 115.6045|| 99.2587| 90.6255
Ts °C 90.0472| 82.4473| 103.3600| 112.2018| 91.8794| 84.7627
T7 °C 83.6216| 80.8209| 93.7076| 106.9482|| 86.0981| 82.5382
T °C 81.0948| 80.1255| 84.6481| 94.7482| 82.3429| 80.9600
Ty °C 79.7664| 79.3145| 81.4471| 87.0918| 80.7565| 79.8818
Tho °C 79.1680| 78.9800| 79.7395| 81.8515| 79.6048| 79.2909
T11 °C 78.8752| 78.7882| 78.9243| 79.4509| 78.9697| 78.8791
T, °C 78.6879| 78.6336| 78.5152| 78.5600| 76.9261| 77.0336
TF °C 91.0021| 91.0531| 91.7870| 91.0892| 90.9902| 91.0254
Mg l 3.8131 4.0573| 3.33714| 2.9882 4.0271| 4.1618
Mp l 1.6972 1.3200 1.8343 2.0918 1.9832 1.8109
L ml/min | 468.7094| 557.2380| 470.4976| 470.4976| 797.9228| 883.8665
QB kJ/s 5.7900 5.7900 6.4500 8.0250| 11.2500| 11.2500
F ml /min 350 350 350 350 350 350
ZF mol /mol 0.56 0.45 0.51
Py, mbar 35.3 54.6 83.5

For experimentsb to 7 the positionof the productvalve is fixed by settingthe distillate
andbottomproductflow controllersto manual.More extensve stepchangesare performed
andthe temperatureéesponsesf tray 3 and9 aswell asthe level responsesf reboilerand
accumulatorare presented Pressuraneasuremendre not recordedonline sincethe sensor
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wasout of order the level differencebetweenreboilerandan opentube (ventilatedto the
atmospheregonnectedo the bottomof the columnis usedto determinehe pressuralropat
theinitial steadystate.

In TableB.4 the mainoperationatiata,time delays hydrauliclag andtime constantare
summarized.The entriesin Table B.4 marked with (*) could not be determinedrom the
experiments.Thedefinitionof the hyrauliclag in thedistillation columnis chosersuchthat
the manipulatordynamicscanbe neglected,namelyto the time differancefrom the initial
deviation of the accumulatotevel until thereboilerlevel deviates. We assumehe delay of
thelevel sensorasngyligible.

TableB.4: Experimentatonditionsof experiments to 7, stepsn reboilerheatinput ), and
reflux flow L andthe experimentaldeterminedime constantaswell asdelays

Exp.5| Exp.6 | Exp.7
F ml [min 350 350 350
2F mol /mol 0.56 0.45 0.51
Tr oC 91.0 91.0 90.0
T °C 78.6 78.5 79.0
stepat s 75 86 161
stepin L Qs L
Ly ml [min 468.8 470.0| 797.0
L ml /min 557.2 470.0| 884.0
AL ml [min +388.4 0.0| +87.0
®Bo kJ/s 5.79 6.45 11.25
@B kJ/s 5.79 8.03| 11.25
AQB kJ/s 0.0 +1.58 0.0
Krs -0.27" +0.39 | -0.297
°Cs °Cs °Cs
ml kJ ml
013 S 28.3 55 154
T3 S * 17.7 *
Dk 1025¢ | -223] +215| -242
Krg -0.35| +0.18" - 0.58
°Cs °Cs °Cs
ml kJ ml
AT, 102°¢ | -063] +4.23| -0.84
019 S 15.0 8.0 111
TT9 S 28.4 36.8" 61.6
[Abppyo0e | s | 133]  30] 43]
Ony, s 5.3 33.9 6.5
Ong S 23.1 3.9 22.3
N s 17.8 30.0 15.8
T S 1.62 * 1.44

* notpossibleto determindromdataset; + valueratherinaccurate

s — Tlt=co—T|t=0
definitionof K = Yo TN P—a e v

Experiment 5and 7, increasein reflux

Inspectingthe response®f experiment5 and 7 (Figure B.22 and B.24), indicatethat the
temperaturen the strippersectionof the columnresponddik e anintegratorwith sometime
delay to the stepin reflux flow. From TablesB.3 and B.4 we seethat the rather exten-
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sive changesn thereflux flow resultsin a minor temperaturehange(first orderplus dead
time responsavith low gain)in the rectificationsection,T(9), and an extensive changein

thestrippersection,(T3) (almostcapacitve reponse) Therespons@f the (uncontrolledye-

boilerlevelto astepincreasen refluxflow is shovnin FiguresB.23andB.25for experiment
5and7, respectrely. Theresponsef thereboilerlevel in relationto the accumulatotevel

is delayedby approximatelyl8 s (averageof Exp.5and7). Thisis thetime it takesthe step
changan reflux flow to propagatéhroughthe column. Apply theabove presentediefinition
we computea liquid hydraulictime constanbf approximatelyr; = 1.6s.

Initial response to reflux step, T3 -, T9 — - Initial response to reflux step, M_B -, M_D - -

0.4

9)
o
pm}
8
(]
Q
£ -
[J] -
= it
-0.2}
-0.3f Yol
-6l—— . . . . 0T 100 150 200 250 36(_)
50 100 150 200 250 300 time [s]

time [s]

Figure B.23: Experiment5, responseof re-
boilerlevelto astepin refluxflow from 468.8
ml/min to 557.2ml/min attime=75s

FigureB.22: Experiment, respons®f tem-
peratureon tray 9 (- -), tray 3 (-) to a step
in reflux flow from 468.8 ml/min to 557.2
ml/min attime=75s
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FigureB.25: Experiment7 , responsef re-
boiler (-) andaccumulatok- -) level to astep
in refluxflow from 797ml/min to 884ml/min
attimet =161

FigureB.24: Experiment , responsef tem-
peratureontray 9 (- -), tray 3 (-) to a stepin
reflux flow from 797 ml/min to 884 ml/min
attimet =161
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Experiment 6, increasein boilup
FigureB.26 shavsthetemperatureesponsef stages3 and9 for anincreasen reboilerheat
supply Theratherextensve stepchangen reboilerduty resultsin first a orderresponsen
tray 3, while thetemperatur@ntray 9 doesnotlevel out. Thechangen holdupsis shovnin
FigureB.27. For approximately34 s afterthe stepchanges the accumulatotevel constant
while the reboiler holdup decreaseby 160 ml, this amountof liquid is storedinside the
column. Theincreasedressuradrop increaseshe donwncomerbackup,suchthatliquid is
stored.At ¢t ~ 120s thevelocity of holdupchanges equalin reboilerandaccumulatomith
avalueof approximately2.0 ml/s.

Theinitial changan thegradientof thereboilerlevel (seeFigureB.27,approximatelyl0
s afterthe stepchange)ndicatesthatliquid is pushedrom thetraysin the strippersection.
At t ~ 112s thegradientis changeda secondime, indicatingthatliquid is pushedrom the
traysof the rectifying section. This wave reacheghe reboiler (countingfrom the time the
reboilerlevel startsto changepproximately30 s aftertheinitial decreasén reboilerlevel.

Thetotal lag betweenincreasan reboilerheatduty (electricallyheatedandincreasan
accumulatotevel consistof thedynamicof theheatingelementyaportransporthroughthe
column,dynamicof condensatiomn the condenseanda transportdelaydueto the piping
connectingcondenseandaccumulatar

Initial response to boilup step, T3 -, T9 - - Initial response to boilup step, M_B -, M_D - -
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: 26 : ¢ FigureB.27: Experiment6 , responsef re-
FigureB.26: Experimens , responsef tem- boiler (-) andcondenselevel (- -) to astepin

peraturgontray? (--) andtray 3 (-) to astep reboilerheatinput @, from 6.45kJ/sto 8.03
in reboiler heatinput @, from 6.45kJ/St0 | j/cattimet = 865

8.03kJ/sattimet=86s

B.1.5 Estimation of the tray holdup from initial temperature response

The estimationof theliquid holdupon a stagein a distillation columncanbe performedby
measuringheinitial temperatureesponseo a stepchangen reflux AL or vaporflow AV,

Assumptions
The following assumptiorare necessaryo develop a simplemodelof a stageddistillation
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column.
OP1 thermalandmechanicaequilibrium . Constant relative volatility
OP2 vaporholdupis neggligible —
20.8
£
OP3 constanmolarliquid holdup M £
S06 )
>
OP4 equimolarflows (simplified/naylected §
enegy balance) §0.4
IS
o
OPS5 thelocalslopeof thevaporliquid equi- So.2 ~ approximation
librium curweis y; = K; - z;. Sincethe = * experimental data
hereinvestigatedsystemis fairly ideal

. . 0 0.2 0.4 0.6 0.8 1
we assumeconstantrelative volatility Liquid composition x(1) [mol/mol]

(seeFigureB.28):
Figure B.28: Vaporliquid equilibrium at 1

oy (T =) (B.12) bar, assumingonstantelative volatility with
iz = z; (1 —y;) ' a = 4.3, (GmehlingandOnken,1977)
suchthatthe vaporcompositionis ex-
pressedy: Fitted boiling point curve
Q- 115¢
L — B.13
Yi zi-(a—1) =1 ( ) 110t * experimental data

L Trosl _ -
For a small compositioninterval we =% approximation

definealocal VLE, by:

Yi = KVLE,i * T (B.14)

OP6 A third order function relating the
stagetemperatureto liquid composi- 80 . . . .
tion canbechoserto achieze asuitable 0 02 04 06 0.8 1
fit of the experimentablata. Liquid composition x(1) [mol/mol]

Figure B.29: xT -diagramfor ethanoland
T; =117.5 — 78.6 - z; + 65.3 - 23(B.15) pytanol at p =

= 1lbar (Gmehling and
—25.7-17  Onken,1977)

For smallercompositionintervalsa pieceaviselinearrelationbetweeriquid composition
andtemperatureg; «» T; canbeassumedseeFigureB.29).

Ti = Kr; - x; (B.16)
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Further the local slopeof the composition/temperatunelationis assumedo be identical
for stagesext to eachothet

OP7 ngylectheatlosses
Stagemodel
The model of a stageconsistsof a materialbalanceand a descriptionof the vapor liquid

equilibrium. Froma massbalanceover a stageit will be possibleto estimatetheliquid tray
holdupunderconsideratiorof OP2.

dM;/dt = Li 1 — Li + Viy1 — V; (B.17)

Thematerialbalanceover a stage considerOP3andOP4,becomes

M dz;/dt = L; - (i1 — x;) + Vi - (Yit1 — ¥i) (B.18)

For astepchangein L; andV; theinternalflows are L, = L¢ + AL andV; = V? + AV.
Subtractthe steadystatesolutionfrom Eqg. B.18 and considerthe time immediatelyafter
the stepchangewhen the tray compositionstill is unchanged.This yields the following
relationshipfor theinitial slopeasafunctionof AL andAV:

dAx;
M (15) =L (et - e+ AV - ) (B.19)
inat
Apply assumption®©P5andOP6andrearrangeéeq. B.19
M; dAT; 1
L. : =AL;- (TP, —TP) + ... B.20
Kr, ( dt )im't Ko, ( ! Z)+ ( )

Kvi o 0
A‘/;K—T,z( i+1_Ti)

From Eq.(B.21)it is possibleto estimatethe molar holdup M; on a stagefrom observing
theinitial slopeof the tray temperaturdo changesn reflux or boilup. Computethe stage
holdupfrom the linear expressionEq. B.21 requiresknowledgeof the local correlationof
y; = f(z;) andT; = f(z;) for eachstageinvestigatedsuchthatane.g. tablelookupfor the
vaporliquid equilibriumis necessaryDeterminatiorof K canbe performedfrom:

o from theinitial temperatureneasurementsn thetray we determingheliquid compo-
sition (seeEq. B.16)

e from theliquid compositionwe computethe vaporcomposition(seeEq. B.13)

e finally K is determinedrom Eq. B.14

B.1.6 Resultstray holdup estimation

Basedon the above presentedstimationprocedurethe tray holdup of trays3 and9 in the
distillation columnis computedtheresultsaresummarizedn TableB.5
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TableB.5: Holdupon traysestimatedrom temperaturgesponsesExperimentaktonditions

of experimentsl to 7 corvertedto molarbasis.(seeTablesB.2 andB.4)
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(1) Theseproductcompositiongre choserto beat thenominaloperation pointof thecolumn.

Remark:

Thecomposition®f theproductflowswasnotanalyzed.Theuncertaincompositiorwill give

someuncertaintyin themolar liquid andvaporflowsin thecolumn.

(2) Initial tempeature gradientcould notbe determinedromtherecodeddata.

() Initial tempeature gradientswere rather difficult to measue, dueto extensivenoiseon

themeasuementsan error will betransferedto the holdupestimation.
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Remarks on the estimation procedure

The methodof estimatingthe stageholdup from the initial temperaturgesponseelys on
the quality of thetemperatureneasuremeniThe gradienton theinitial responsed T;/dt, is
stronglyinfluencedby the noiselevel on the signal,furthertheinitial gradientis determined
by graphicalmeandrom therecordedesponse.

During the estimationa numberof assumptionsveremade:

e Neglectingthe vaporholdup[OP2] in the columnwill not influencethe estimation,
sincethevaporholdupin the hereconsidereadolumnwill be considerablyowerthan
5 % of theliquid holdup.

e AssumptionOP3andOP4haveto be seenwith respecto the experimentabprocedure.
We assumethat the liquid and vapor flow enteringthe columnis steppedrom it's
initial valueto it’ sfinal value.Becaus®f theavailableequipmentanextensvechange
in amanipulatediariablewill resultin arampof themanipulated/ariableto thecontrol
signal.

Further we assumehat the introducedstepis transferedhroughthe entire column
asa stepchange.Theintroducedstepwill enterthe first stagewhich is (composition
dynamicsconsidereda mixing tank, thussomecompositiondynamicswill beintro-
duced.Sinceall thestage$ave anidenticaldesignann!*-ordercompositiorresponse
will beseenonthestageonthe oppositesideof the columncomparedverethe stepis
introduced.The hydraulictime constanbf the columnis muchshorterthanthe com-
positiondynamics.thuswe assumehatthe introducedstepchangeis travelling asa
stepchangethroughtthe column.

e TheconstanimolarholdupassumptiofOP3] on the stagewill bereasonableorrect
for liquid flow changes.An increasediquid flow will increasethe heightof liquid
above weir which will leadto a maiginal changeof the tray holdup. The hydraulic
time constantof a stageis measuredo be in the rangeof 1.5 secondgseeTable
B.2 andB.4), considerablyshorterthanthe compositiontime constantthusthe liquid
hydraulicis negelectedandconstanmolarholdupin the columnis assumed.

The flows enteringandleaving the reboilerare sketchedin FigureB.30. Rademakr
(1975) assumeghat the temporaryliquid flow changeis causedby liquid which is
pushedrom thetrays. Initially theinternalreflux flow is reduceddashedine in Fig-
ureB.30,markedwith L z) until thedowncometbackupandthepressuraropbetween
stagedalanceagain thantheliquid flow increaseslnitially thereboilerholdupshould
decreas¢dueto morevaporleaving thereboilerandlessliquid enters)thanincreases
whenthe by vaporbubblesreplacediquid from the stageseacheghe reboiler The
holduponthesieve tray will bereducedsincethe highervaporflow reduceghefroth
densityonthestagesThefirstincreasen L is causedy liquid pushedrom thesieve
traysof the strippersection,while the secondncreasecorrespondso liquid replaced
in therectifiersection.
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FigureB.30: Flow enteringandleaving thereboilerfor anincreasan vaporflow, assuming
thatliquid is pushedrom the stages

e Theassumptionsnadeconcerninghe vaporliquid equilibrium (recall OP5)is fairly
correctfor the systemethanol-lutanol, suchthat K = y;/x; canbe interferedfrom
the liquid composition. The slope of the equilibrium curve for trays next to each
otheris shavn in Table B.6 for experimentsl and3. The ratio of vaporto liquid
composition,K; = y;/x;, is changingby £10% from stages3 and9 to the adjacent
stagesrespectiely.

TableB.6: Slopeof equilibriumcurve, estimatedrom temperaturerofile

Tray2 | Tray3 | Tray4
Exp.1 | K | 4.2264| 3.9670| 3.5204
Exp.3 | K || 4.0747| 3.7408| 3.2171
Tray8 | Tray9 | Tray 10
Exp.1| K| 1.6668| 1.3366| 1.1378
Exp.3 | K| 1.5632| 1.2693| 1.1001

Neverthelessevenif therearesomeshortcomingsof the proposednethod,the estima-
tion of the liquid holdupon the stagess possibleandgive a rathergoodindication of the
liquid distribution betweerrectifying andstrippingsection.

B.2 Experimentsto obtain the hydraulic time constant

B.2.1 Results

Theliquid andvaporhydraulicis investigatedy recordingstepresponsesf themanipulated
variablesreboilerheatinput andvolumetricreflux flow. Theinfluenceof variationof liquid
densityon the stagesand heatof vaporizationin the reboilerwas minized by distilling a
mixture of zr = 0.95 ethanol/lutanol. The positionof the productvalve is fixed by setting
the distillate andbottomproductflow controllersto manual. Ratherextensve stepchanges
areperformedo visualizetherespons@f reboilerandaccumulatotevel.
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The columnis operatedopen-loopsuchthat the reflux pump position andthe reboiler
heatinput aresetmanually The conditionsfor experiments8 to 10, further the time when
the manipulatedvariableis changedand the measuredielaysare presentedn Table B.7.
The performedexperimentsncludethe increaseanddecreas®f the manipulatedvariables
reboilerheatinput andvolumetricreflux.

TableB.7: Experimentakonditionsof experiments8 to 10, stepsin reboilerheatinput @,
andrefluxflow L andthe experimentadeterminedielays

Exp.8 | Exp.9 | Exp.10
F ml/min 250 250 350
ZF mol/mol | 0.95 | 0.95 0.95

Tr °oC 77.0 77.0 77.0

Tr, °C 78.0 78.5 78.0
stepin L L @B
stepat s 284 645 1489
resetat s 446 860 1550

Ly ml/min | 481.2 | 472.3 | 472.3
AL ml/min | +89.5| -89.4 0

@B, kJ/s 6.0 6.0 6.0
AQy kJ/s 0 0 +1.5
initial step
Oy, S 5.0 4.0 20.3
Onig S 24.9 34.1 4.4
Ab, S 19.9 30.1 15.9
T S 1.81 2.74 *
returnstep
Oy, S 54 3.0 25.3
Onry S 51.0 49.6 4.0
A S 45.6 46.6 21.3
T S 4.15 4.24 *

* Not possibleto determine
7 = Af; /N, with N; asthenumberof stages

The magnitudeof the reflux stepsis identical for experiment8 and9 which were per
formedform approximatelythe sameoperationpoint, but in oppositedirections.In Figures
B.31andB.32we presentheresponsesf thereboilerandaccumulatotevel to changesn
reflux flow. (Notethatreflux andboilup arescaleduo fit into FigureB.31to B.33)

Thedelayof theaccumulatotevel to thechangdn the control signalto thereflux pump
is plottedin e.g. Figure B.31. The measuredime delays,presentedn Table B.7 differ
considerablyfor experiments8 and9 for theinitial reflux flow change.The delaybetween
control signalchangeto thereflux pumpandthe responsef the accumulatotevel is in the
orderof 5 secondgor anincreaser decreasef thesignal. Thesefive secondsirecausedy
processingn the controlandhardwareunit (processindime of the computeythe dynamics
of thereflux pump,areciprocatingneteringpump,andthe level sensordp-cell). The step
signalfrom the control systemto the reflux pumpis transformedo a rampwith a gradient
of 17 ml/s changesuchthatthe stepchangeof approximately90 ml is completedafter6 s.
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The ratherextensie delay from the initial changeof reflux until the reboilerlevel re-
spondsis causedby the combinedeffects of actuatordynamicsand the liquid hydraulics
of the sieve trays. From experiment8 we estimatethe averagehydraulic time constant
7 = Af;/N; to bein therangeof 7, ~ 1.8s for theincreasen reflux flow, we estimated
theactualchangan accumulatotevel until thereboilerlevel changesdenotedAd.

Forthedecreasa reflux (experiment9) from asteadystateoperatiorpointwe determine
aliquid delayoverthecolumnof A#, = 30s which correspond$o a hydraulictime constant
of i, ~ 2.7s. FromFigureB.31,B.32andTableB.7 we seethatthe delayfor theresetof the
reflux flow is betweernl5 and25 secondsargerthanfor theincreaseThis erroris causedy
liquid which s still traveling downwardsthroughthe columnaftertherefluxis reset. Thus
we, conjecturethat the mostreliable methodto estimatedthe hydraulictime constantby
meansof experimentis theincreasen reflux flow, at constanteboilerheatsupply

Initial response to reflux step, M_B -, M_D - - Initial response to reflux step, M_B -, M_D - -

...................

volume [ 1]

-0.2}

250 300 350 timioo[s] 450 500 550 600 700 300 900 1000
time [s]

Figure B.31: Experiments, responseof re- piq e B 32: Experiment9, responsef re-

boiler (-) andaccumulatok- -) levelto anin-  qijar jevel to andecreasén reflux flow from
creasen refluxflow (-.-) from 481 ml/minto 479 mi/min to 383ml/min attimet = 645s
570ml/min attimet = 284s

Experiment(Exp. 10) wasperformedto investigatethe actionof anincreasen reboiler
heatinput on the bottomlevel andaccumulatotevel (seeFigure B.33). The reboilerheat
inputis steppedrom @, = 6kJ/sto Q, = 7.5kJ/s attimet = 1489s. Thetime elapsing
fromtheincreasef heatinputuntil thereboilerlevel is changings approximatelyt.5s. This
delayis causedy the dynamicsof the heatingelementandsomedelaydueto transmission
of the datainsidethe control system.Thelag betweerthe decreasén reboilerlevel until the
accumulatottevel is changingis approximatelyl5.9s for anincreasdan (Qp and21.3s for
the casewerethereboilerheatinputis returnedto its initial value. Theincreaseof the heat
input by 25 % doesnot initiate a temporaryincreasean liquid flow throughthe columndue
to pushingliquid from the sieve trays.

Thelevel of theaccumulatoincreasegdashedine in FigureB.33)evenafterthereboiler
heatsupplyis decreasetb it’ sinitial value.Thisis dueto vaporenteringthe condenseafter
thereboilereffectis resetandthe lag introducedthroughthe piping betweerncondenseand
accumulatarThe condenseis placedon top of the columnwhile the accumulatois placed
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onthefloor nearthereflux pump. The measuredlelaysfor increaseanddecreasén reboiler

effect on the levels of accumulatoandreboilerarerathersimilar. The delayfor the vapor

transportfrom reboilerthroughcolumn, condenseand piping to accumulatolis measured
to bein the orderof 17 s. Neverthelessye do not have ary possibility to distinguishthe

contribution of eachsingledelayto the measuredotal delay

Resethereboilerduty to theinitial value Initial response to boilup step, M_B -, M.D —

att = 1554 s resultsin an increaseof the
reboiler holdup, which is causedby liquid
returnedfrom the column (seeFigure B.33,
att > 1550s). The increaseof the lig-
uid holdupis delayedby 5 s and liquid is
dumpedinto the reboiler for approximately
22 s. That s, it takes 22 secondsuntil
the excessliquid storedon tray 11 to reach
the reboiler This correspondgo an aver
agehydraulictime constantfor liquid of ap-
proximately 2 s for eachstage. This time

0.2f

volume [ ]

-0.4
1450

1550 1600

time [s]

1500 1650

constantorrespondsvell with the hydraulic
time constantestimatedfrom Exp. 8 and9
weretherefluxflow is reducedr resettoit’s
initial value.

FigureB.33: Experimentl0, responsef re-
boiler (-) andaccumulatok- -) levelto anin-
creasen reboilerheatinputfrom 6 kJ/sto 7.5
kJ/sattimet = 1489s

Thereducedeatinputreduceghevaporflow throughthecolumn,whichin turndecrease
the differential pressuredrop. The reduceddifferential pressuredrop over a stagereduces
theamountof liquid storedin the column. An opposingeffect causedy the reducedvapor
flow is anincreasean froth densityon the tray suchthatthe liquid holdupincreasesFrom
thistypeof experimentwe cannot estimateaxactly weretheliquid is comingfrom. Someof
theliquid hasto dedrainedfrom thedowncomerholdup.

B.2.2 Discussion

We find a significantdifferencebetweenthe experimentsvherewe increasehe reflux flow
from a stationaryoperationpointto experimentsveree.g. thereflux flow is resetto its orig-
inal value. Thesedifferenceis causedoy liquid flowing downwards. The experimentsto
investigatethe columnhydraulichave to be performedfrom steadystatecondition(compo-
sitionandinternal/excternalflows)with anincreasen reflux. Theexperimentsverethereflux
is decreasedive only limited informationto determinehe hydraulictime constantThelag
for anincreasen refluxis abouthalf thetime measuredor adecrease.
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B.3 Experimental determination of the residencdime

Theresidencdime of a columnis approximatedy 7. ., ~ 6., this approximations valid
for long columnwherewe canassume plug flow lik e propagatiorof aheavy tracerthrough
the column. We defined, to be the mostextensie deviation in temperaturen stagel with
referanceto the injection of tracer Approximatethe residenceime 7., by 6. allows us
to computethe volumetricliquid holdup of the column V¢, from 0, ~ 7..00 = Vo /L.
Note we usethe nominalreflux flow L to the column,sincethe injectedtracervolumewill
increaseheliquid flow throughthe columnonly temporarily

Theinitial decreasén tray temperaturés causedy liquid whichis replacecdnthestage
above by the wave of liquid traveling throughthe column (seeFigure B.36). This initial
temperatureeductionwill correspondo theliquid hydraulictime constantOn moststages
thereductionin temperaturés ratherlimited, sincethe compositionn stagesearto each
otherare similar. The hydraulictime constantr; canbe estimatedratheraccuratelyfrom
7 = By, /N, wherefy,, denoteghetime delayfrom tracerinjectionuntil the reboilerlevel
increasesand IV, is the numberof trays. 6y, denoteghe transportdelayfrom the time of
injection(initial temperaturehangeontop stageuntil thereboilerholdupVp increasesThe
residenceime of theaccumulatoandreboilerarecomputedrom 7, = V; /L. Thetransport
delaythroughthe pipe connectingaccumulatarreflux pumpandthe uppermosttray aswell
ascolumnbottomto reboileris L, yipe = lpipe - Apipe/L-

B.3.1 Experimental procedure of tracer injection experiments

Theresidenceime s investigatedy operatingadistillation columnattotal reflux. Themix-
tureinitially fedto thecolumnwasethanolandbutanolwith acompositionof approximately
zrp = 0.95. Theinitial holdupof the accumulatorandreboiler (after total reflux operation
is established)s Vp, = 0.95 1, Mp = 15.04 mol andVy = 2.85 1, Mg = 39.39 mol. The
columnis operatedsuchthatthereflux is adjustedto matchthe condensedaporflow and
keepthe accumulatotevel constant.On tray 11 (the uppermosttray) pure butanolwith a
temperaturef 20°C is injectedandthetemperatureesponsesn differenttraysto this pulse
is recorded.The comparisorof the recordeddatais simplified by plotting the temperature
deviationson the stagesausedy theinjectedtracer

B.3.2 Results

The conditionsfor experimentsl1 to 13 arepresentedn TableB.8, furtherthetimeswhen
thetracerreacheshetraysaresummarizedThetimetagsindicatingwhenthetracerreaches
the individual stagesare determinedgraphicallyfrom the recordeddataset. The time the
tracerreaches stageis definedasthetime whenthetray temperaturéncreases Theinitial
temperaturaedecreases causedby liquid replacedon the stageabove by the liquid wave
traveling dovnwards.

The amountof tracer(butanol)injectedis 200 ml (2.10mol) in approximatelyb s. The
butanolis injectedontothe stageby meansof a syringethroughafitting of thetop pressure
sensor Sincetheinjectedliquid flows down the wall of the top stagejnstantaneoumixing
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of theliquid onthetray andtheinjectedliquid will notoccur Theenegy neededo heatup
theliquid is takenfrom the condensatiomf vapor which canbe seenby inspectingFigure
B.35, wherethe accumulatotevel decreasedueto condensatiomf vaporon stagell. The
experimentsare performedwith constantheatinput to reboilerandvolumetricreflux flow,

suchthatthereductionin accumulatoholduphasto be causedy the condensatioof some
vaporon stagell.

Table B.8: Experimentalconditionsof experimentsll to 13, measuredime delaysand
computedransportdelays

Exp.11 | Exp.12 | Exp.13

Ty, °C 78.0 77.0 77.0
pulseat s 75 94 255
L ml/min 472 588 705

L mol/s 0.125 0.155 0.186
Q; kJ/s 6.0 7.5 9.0
v mol/s 0.145 0.181 0.218
Ap mbar 29.82 32.96| 47.08
01y, S 0.0 0.0 0.0
0r,, S 10.0 10.0 11.0
o, S 16.5 16.75 17.5
01, S 215 20.0 22.5
o, S 35.0 33.0 28.0
0, S 57.0 49.0 41.0
O, S 80.0 67.0 58.0
o, S 108.0 86.0 76.0
o, S 137.0 103.0 95.0
O, S 164.0 127.0 112.0
O, S 192.0 154.0 135.0
01y, S 315.0 247.0 229.0
Ov, S 9.7 10.8 13.3
Ov, S 19.5 18.0 19.0
T S 1.77 1.66 1.73
Te,Vp S 120.8 96.9 80.85
01, Dpipe S 38.3 30.8 25.7
Te,Va S 362.3 290.8 2425
01, Bpipe S 27.95 22.44 18.71
0. S 330.0 252.0 235.0
Voo I 2.59 2.47 2.76
Vstage 10731 236 224 251

* estimatedromcontmol signal

Experiment 11

The distillation columnis operatedat total reflux, the initial temperatureprofile over the
columnshaws atemperaturef 80°C' on stagel decreasindo 78.5°C' on stagell. Figure
B.34 shaws the propagatiorof butanolfrom the uppermoststagell to the loweststageof
the column,stagel, overatime interval of approximately700 secondsftertracerinjection
(butanol).
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ComparerigureB.34 andB.35 we seethattheliquid hydraulicsof the columnis much
fasterthanthe compositiondynamic,the reboilerlevel changespproximatelyl9.5s after
injection,while thetemperatureespons@ntray 1 reachests maximumapproximatelyl20
s later (Note, the differenttime scales).The constanteboilerlevel (at¢ > 150 s) indicates
thatall excesdiquid (theinjectedamount)hasreachedhereboilerandthe stageholdupare
stable.

The“second’increasen stagegemperaturef stagell (in theintenal 200 s < ¢ < 350 s)
is dueto butanolwhich wascarriedoverto the condenseandis returnedo the column.The
combinedresidencdime in theaccumulatoandthe transportdelaythroughthe returnpipe
is approximatelyl40s. This correspondsvell to thetime betweeninjection of butanoland

thesecondncreasan temperatur@ntray 11 (seeFigureB.36).
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Figure B.35: Experimentll, changein re-
boilerandaccumulatoholdup

The changein holdupof reboilerandac-
cumulatoris showvn in Figure B.35. The
reboiler level increasesafter approximately
19.5swhichgiveanestimatedydraulictime
constantof 7, = 6y, /N, ~ 1.77 s pertray
for this experiment(traveling over Ny = 11
trays and downcomer). The delay for the
changein accumulatorevel is the order of
10 secondswhich is dueto the delaycaused
by the condensedynamicsandthetransport
delaythroughthe piping betweencondenser
andaccumulatar

FigureB.36is amagnifiedversionof Fig-
ure B.34 and shaws the injected pulse of a
heavy tracer (butanol) and the temperature
response®f stages6 to 11. From Figure
B.36 we seea reductionin temperaturedi-
rectly after the injection of butanol. There-
duction in temperaturas causedby liquid
which is pushedfrom the stagesabove with
aslightly lowertemperatureThedecreas@
temperaturas temporaryandthe initial de-
creasecorrespondso thehydrauliclag of the
stages. The temperaturelecreasen stage
1 is approximatelyl7 secondsafter the in-
jection of butanol, which correspondgo a
hydraulic lag of 1.7 seconds. This corre-
spondswell to the hydrauliclag determined
from thereboilerlevel responsdo thetracer
pulse.Thereductionof temperatur®n stage
10 startsalmostimmediatelyafter the injec-
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tion. Thisreductionis causedy theinjection Temperature deviation T5 - T11
of 200 ml liquid (total tray volum in theor- | 0 '
derof 230ml) andthecondensationf vapos Y

suchthat weepingfrom tray 11to 10is ex- 4}
pected. Theinitial andfinal bottomcompo-
sition are estimatedrom measuredemper
aturesin reboilerandtray 1. Thenitial re-
boiler temperaturas 83.74°C, which corre-
spondgo aliquid compositionof zz = 0.76,
similar the compositionon stagel is deter
minedto z; = 0.92. The changein re- o
boiler compositioncanbecomputedroman o0 oo 00 50
ethanolbalancan thereboilet Time s]

Mg B |i=300= Mpt.B |i=75 +Min; (B.21)
The amountM;,; is estimatedrom the vol-
umeof butanolinjectedandthe composition
on stagel. The molarholdup Mg, p canbe
computedrom thevolumetricholdup

w
T

Deviation [C]
N

=
T

FigureB.36: Experimentll,temperaturele-
viationonstage$to 11

p-Ve
MW

Mgt = (B.22)

assumeonstantlensitieoon stagel 1l andreboilerto simplify thecomputatiorandrearrang-
ing theequationgive

VBinit " Binit Vinj-x1
( MWinit ‘t:75 + MW, ‘t:75
Ve
(MWB) ‘t:300

Theinitial reboilervolumeis Vi = 2.85 [. Theentireinjectedvolumeof 200ml (notewe
addliquid on stagel) hasreachedhereboileratt = 300s, suchthatthereboilercomposition
increaseso zp |;—300= 0.77. Comparethis to the compositionestimatedrom thetempera-
ture measurementhe temperaturef thereboileratt = 300sis Tg |;—300= 83.53°C' which
correspond$o anestimatedcompositionof g = 0.769. Note,we asssuméhatethanolrich
liquid is replacedbntray 1, the butanolrich liquid hasnotreachedray 1 yet.

At t = 700the temperatures constanin the reboiler we cannow computethe reboiler
compositionby exchanging200ml of ethanolwith butanolsuchthatthefinal reboilercom-
positionis zg |;—700= 0.744. The compositionestimatedrom the reboilertemperatures
zp |i=700= 0.742. Fromthe computedchangesn reboilercompositionwe canseethatthe
liquid which entersthe reboilerin thetime interval 90s < ¢ < 150s is mainly liquid which
is replacedon stagel (seeFigureB.35).

The gradualincreasen reboilertemperaturdrom ¢ > 400 s is dueto the replacement
of ethanolby butanolin thereboilerby thedistillation process Most of the heavier butanol
hasreachedhereboileratt = 650 s, sincefrom this time on the temperaturen stagel is
constanandhasalmostreturnedto is initial value. Thetemperatureffseton thefirst stage

(B.23)

TBli=300 =
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is dueto theslightly changedccompositionof thereboiler suchthatthevaporenteringstage
1 hasa higherbutanolconcentratiorthantheinitial.

Experimentl2 and 13 presentedn FiguresB.37 to B.40 arerepetitionsof Experiment
11 atdifferentoperationpoints. Thetemperatur@éesponsesn thetraysaresimilarin shape,
neverthelesshe peakof theresponses movedonthetime axisdueto slightly differenttray

holdups,internalvaporandliquid flows.

Experiment 12
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FigureB.37: Experimentl2,temperaturele-
viations from averageafter injection of bu-
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Experiment 13
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B.3.3 Discussionof experimental procedure

Thedeterminatiorof the movementof thetracerwave will beinfluencedby the evaporation
of someheary tracerwhich will be “recycled” betweenstagessuchthat we do not have
a constantamountof tracermoving throughthe column. This regycling of tracerbetween
stagewill addto the effect of the mixing onthe platewhich transfomthe pulseto a normal
distribution shapedvave. Theassumptiorof atracerplug flow is somevhatquestionablas
we move further down the column. This is furtherindicatedby the increasedailing of the
responseasthedistanceo the point of injectionincreasesThegradualchangegrom a pulse
input to the uppermoststageto a higherorderliquid flow andcompositionresponsen the
stagedurther down the columncanbe seenfrom Figure B.43. Further regycling of some
butanolthroughthe condenser/accumulatamnit can be seenfrom the secondtemperature
increaseon stagell.

Differentoperationpointswereinvestigatecandthe manipulatedrariableqreboilerheat
input andreflux flow) have a similar effect on the residenceime, 7., on the stages. The
increasen reflux flow reducetheresidenceime (7, = Vi,4./ L) Of eachstage.Theincrease
in vaporflow (equialentto anincreasan heatsupply)will decreas¢hefroth density® on
the sieve tray, furtherthe downcomerbackupwill increasedueto anincreasean differential
pressuradrop over the stage.Which oneof thesetwo effectsis the dominating(decreasén
froth densityor increasen downcomerbackup)is ratherdifficult to determine.

B.3.4 Modeling of tracer experiment

Modelingof tracerexperimentanbeperformedoy two differentmodels a seriesof mixing
tankandasimpledistillation model. The mostsimplemethodis to assumehatthe stagesn
adistillation columnaremodeledascontinuousstirredtankswith aliquid flow enteringand
leaving. Theliquid hydraulicis approximatedy afirst orderresponsdrom liquid entering
to theliquid leaving a stage. The secondmnodelwill includethe vaporflow in the column.
This will introducesomeregycling of heary componentrom the stagebelov. The stage
is modeledsuchthat completemixing in the liquid phaseis assumedthe vapor phaseis
neglected. The vaporliquid equilibriumis describedoy the assumptiorof constantelative
volatility andconstanimolar flows areassumedFurther the liquid holdup canbe divided
into tray anddowncomer we assumehatonly the liquid onthetray is in equilibrium with
the vaporleaving the stage. The downcomerholdupis modeledasa mixing tank. In the
forth modelmodelwe includea constantholdup mixing tankin front of thefirst tray. The
remaindeiof the modelis identicalto the modelwith two holdups.

Experimentll is chosemasexampleto validatethe differentmodelsagainstthe experi-
mentaldata. Thesimulationsareperformedn Matlab,with theoperationaparameterfisted
in TableB.9. Notethatthetotal reflux operationandthe assumptiorof constanmolarflows
resultin slightly differentmolarflows in experimentandsimulation. The simulationresults
presentecreperformedwith theinput valuesof Experimentll, thoseare:

Feedflow F = 0ml/min
Reboilerheatinput Qp=06%kJ/s
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Externalreflux Ly = 575 ml/min
Initial reflux composition Z D initial = 0.9999
relative volatility coeficient a=4.3

Note: the reflux of the experimentalsystemwas subcooled{o balancethe vaporflow and
molarliquid flows of the simulationwe adjustedthe molar liquid flow (estimatedrom re-
boiler heatinput, heatlossesare negelected). The initial compositionis z = 0.95 andthe
initial holdupis chosernto Mgz = 45 mol and Mp = 15 mol for reboilerandaccumulatar
respectrely, which correspond$o Mz = 2.87 [ andMp = 0.947 .

TableB.9: Initial operationaparameter$or simulationof Matlabmodelsatt = 75~ s

CSTR | singleholdup | dividedholdup | two holdup,pre-mix

holdupon stages mol 4 4 2+2 2+2

liter 0.25 0.25 0.125+0.125 0.125+0.125
distillatecomposition | mol/mol | 0.95 0.9999 0.9999 0.9999
bottomcomposition mol/mol | 0.95 0.9998 0.9673 0.9868
holdupaccumulator mol 0.0 15

liter 0.0 0.947
holdupreboiler mol 0.0 45

liter 0.0 2.842
injectedvolumebutanol ml 200.48 200.38 200.15 | 200.05

mol 2.110 2.109 2.106
vaporflow mol/s 0.0 0.1513
initial reflux mol/s | 0.1523 0.1509 0.1513

ml/min | 575.4 576.95 573.10 | 575.40

Mixing tanksin series

The distillation columnis modeledas a seriesof mixing tanksfor the tracerexperiments.
Approximatea distillation processby mixing tanksin seriesimplies that we neglect the

vapor liquid equilibrium on the stagesand the vapor flow upwards,sincewe do not have

countercurrentiows we canomit to modelthe accumulatar Theseassumptionsemove the

“feedback” of the vaporcompositionfrom tray lower thanthe one obsered. The bottom
productflow is the sumof externalreflux flow, feedflow andinjectedtracer For simplicity

we presenpnly the materialbalanceoverthefeedtray, whichis modeledwith thefollowing

setof equationsTheliquid flow leaving thetray:

T % =L+ F—-1L; (B.24)
themassbalanceoverthe stage
d;‘f“' =Li1—L;+F (B.25)
componenbalance:
M; o _ Liy1 (mic1 — ) + F (27 — 3) (B.26)

dt
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Thereboiler:
dM
d—tB =L — (F+ L) (B.27)
dﬂ?B
Mg dt =L ($1 - xB) (B.28)

The response®sf the stagetemperatures

when butanol is injected into the “reflux”

flow to the first stage (CSTR)is shavn in
Figure B.41. The “temperaturewave” on
the stageshown the propagationof butanol
through the sequenceof tanks (see Figure
B.41). The time axis is similar to the ex-
perimentaldatapresentedn FigureB.34 for
the trays 1 to 9. In Figure B.42 we shav
the temperaturgesponsesf stages8 to 11.
Theresponsen tray 11 is characteristidor
a first order systemwhich is subjectedo a
pulse shapedinput and doesnot matchthe
responseof stagell shawvn in Figure B.34
(top). A hydraulictime constantof 2 s is
includedto accountfor the delayintroduced
throughthe stagedesignon the liquid flow.

Theinjectionof 40 ml/s butanoladditionally
to the initial reflux flow of L = 9.58ml/s

give a rather extensive changeof the tray
composition. In Figure B.43 the composi-
tion responsef stages8 to 11 is shown. In

the CSTRmodelwe assumek = 0 (thatis

no vapor liquid equilibrium), but as shavn

in Figure B.43, the ratherextensive compo-
sition changeon the trays questionthis ap-
proach(comparg-iguresB.34andB.41).

Singleholdup model

Theresidencdime on the traysof a distilla-
tion columnis investigated.The modelused
for the simulation consistsof 11 trays plus
accumulatorand reboiler The simulation
was performedwith a averagecomposition
of x = 0.99 throughoutthe column. The
following assumptionsvheremade:

Tray 11 — tray 9 —.—.

oNDdO

300 400 500
Tray 7 — tray 5 —.—.

600

o = N

300 400 500
Tray 3—-tray 1 —.—.

Temperature [C]

200 600

N

0

300 400

Time [s]

700

Figure B.41: Temperaturgesponse®f the
CSTR-model

Temperature response T8to T 11

al

Temperature [C]
W  »

100 150 200 250

Time [s]

300 350 400

Figure B.42: Temperaturegesponse®f the
CSTR-modefor stages8to 11

Composition response T8to T 11

Liquid composition

100

150 200 250

Time [s]

300 350 400

Figure B.43: Compositionresponse®f the
CSTR-modefor stages8to 11
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e vaporphaseonthestagess neglected

e equimolarvaporandliquid flows (neglectenegy balance)
e constantelative volatility o,

e constandensityof theliquid phase

¢ liquid flow leaving a stageis dependenbn the flow enteringthe stage modeledasa
first orderprocess

e total condenseandaccumulatoaremodeledasoneunit

e reboilermodeledasatheoreticaktage

Themodelis implementedn MATLAB asasetof ODE’s. The stagearecountedfrom bot-
tomto thetop.

Theaccumulatomodelconsistof massandcomponenbalance:

dM

— D —V,—D— Ly (B.29)
dt
dx

AbE$=W@r%@ (B.30)

with L;, asthe nominalexternalreflux. Thefeedtray is modeledwith the following setof
equationsTheliquid flow leaving thetray canbe modeledby anODE
dL;
T —— =Lin+F— L (B.31)
dt
whichdescribeaheliquid hydraulic. Themassalanceoverthestageassumindghatthevapor
flows enteringandleaving areequal:

dM;
— =L~ Li+F (B.32)
dt
componenbalance:
dxi
i = Livi (0 —23) + Vi (Wic1 — ) + F (27 — 23) (B.33)
Thereboiler:
M
(iB:h—B—V (B.34)
dt
dﬂ?B
Mg —— =Ly (x1 —2zp) -V (yg — xB) (B.35)
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The hydraulictime constants computedrom the experimentaldatato an averageof ; =
1.5 s for eachstage.Thetray efficiency is setto , = 0.85 for all stages.

The responsesompositionand holdupresponsesf accumulatomandreboilerto anin-
jection of 200 ml butanolon tray 11 over thetime intervalt = 70 sto t = 75 s areshovn
in FiguresB.44 andB.45. To take the condensatiomf vaporinto considerationthe vapor
flow leaving tray 11is reducedemporarilyby 50 %, this condensates addedo thenominal
reflux andtheinjectedamountof butanol.

CompareFigureB.35andB.44 shows thatthe initial deterioratiorof the reboilerliquid
holdupfrom the steadystateagreesvell for theexperimentandthesimulation. Thegradient
of thesimulationresultsis slightly lessthanthe oneof the experimentadata(Exp. 11). The
differencds dueto themodelingof theliquid hydraulicasfirst orderprocesses series.The
temperaturegesponseshawn in FigureB.34 for Exp. 11 andFigureB.45 show reasonable
goodagreementvith respecto thelocationof therespons@nthetime axis. Themagnitude
of the responsef the simulatedresultsis approximately50% of the experimentaldatafor
trayslto 10.

A limitation of the herepresenteanodelis the factthatthe responsesf the stagessit-
uatedin the rectifier sectionare not matchingthe nearsymmetricalresponsesf intercon-
nectedmixing tankson whichthemodelis based For a pulseinputto a setof interconnected
mixing tankswe expectsymmetricakresponses eachunit to animpulse.However, thein-
jectedamountof butanolis of atotal of M, ..., = 1.5 mol, whichis approximately50 % of
theliquid tray holdup. The nominalreflux flow is 0.14mol/s, suchthatwe geta shortterm
increasen reflux by 300% (from 0.14to 0.58mol/s).

accumulator (- —), reboiler (=) composition Tray 11 - tray 9 —-.-.

100 200 300 400 500 600 700
Tray 7 — tray 5 —.—.
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)
o
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-0.04 : : : : : :
0 100 200 300 400 500 600 700

accumulator (- -), reboiler (=) holdup

o = N
—T

o
)

Temperature [C]

100 200 300 400 500 600 700
Tray 3 -tray 1 -.-.
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o i
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Figure B.44: Single holdup model: prod-

andaccumulatofor thesimulationof EXper  atyreresponsesf simulationof Experiment
iment11 11

Two holdup model

Themodelingof thedistillationtray canbeimprovedby dividing theliquid holdupinto tray
anddowncomerholdup. For this modelwe split the holdup suchthat half the liquid is on
thetray andtherestin thedowncomer The hydraulicsof the downcomeris neglected,such
that we get one additionalordinary differential equationfor eachstagemodel. The mass
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andcomponenbalanceover the feedstageareidenticalto thoseof the oneholdupmodel,
exceptfor the distribution of liquid. The componenbalanceover the tray wherethetracer

(F, zr) isinjected:

dx

M.
Ldt

and the componentbalance over the

downcomer:

d.’l?i
b g

Thetotalresidenceime of liquid onthestage
is unchange@ndthevaporis in contactwith
the liquid on the tray only, the vapokliquid
equilibriumis computedor thetray compo-
sition.

The liquid hydraulic and the temporary
changesof the stage holdup for the two-
holdupmodelis shown in FigureB.46. It is
assumedhat the downcomerholdupis con-
stantandthe entirechangen stageholdupis
onthetray. Furtherwe assumehat80 % of
thevaporis condensedh the periodt = 75to
80s.

ComparingFigure B.34, B.45 andB.47
shov that the magnitude of the temper
ature responsesand position on the time
axis are in good agreement. The split of
the liquid holdup resultsin a more pro-
nouncediemperaturgesponse.The compo-
sition/temperatureesponsés “delayed* due
to the split of liquid holdup into tray and
downcomer Still thereis somemismatches-
pecially for tray 11. We expecta symmet-
rical responsef the tray temperaturdo the
liquid pulse.ThesimulatedresponsdFigure
B.47)shaow still anon-symmetricatesponse.
In the simulationthe liquid is addedto the
reflux flow, thetray is modeledasa perfectly

= L; (x4;-1 — xay)  (B.37)

== Livi (ai—1 — xe3) + Vi (Yio1 — 4i) + F (25 — 24)

(B.36)

Accumualtor (- =), reboiler (=) composition

oI
ll

x [mol/mol]
S
o
N

|
o
o
oy

100 200 300 400 500 600
accumluator (- —), reboiler () holdup

o

700

o
)

o
o

M [liter]

o

|
o
[

150
Time [s]
Figure B.46: Two holdup model: product
compositionand changein reboilerand ac-
cumulatorholdup for the simulation of Ex-
perimentll
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Figure B.47: Two holdup model: tempera-

mixed unit, suchthat effectsdueto mixing ture response®f simulationof Experiment

arengglected.

11

An improvedtwo holdupmodelis developeddueto the extensive mismatchbetweerthe
temperatureesponsegorimaryconcerningheshapeof therespons@andnotthemagnitude)
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of experimentandthesimulationresults.Theinjectionof butanolis now doneinto aconstant
holdupvesselheadf the uppermosttray with a holdupof 2 mol (sameasthetray holdup
of arectificationtray). The additionallag is usedto mimic the processf condensatiomand
mixing of injectedbutanol,vaporandliquid on the top stageof the column. A hydraulic
time constanbf 7, = 3s is choserfor this unit.

CompareFiguresB.34 and B.48 shav thatthe shapeandthe positionon the time axis
of the simulatedresponseare similar to the experimentaldata. The responsef tray 11 is
similarin the simulationandexperiment.
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Figure B.49: Improved two holdup model:

Figure B.48: Improved two holdup model: ho|duprespons£xperimenﬂ1
temperatureesponse®f simulationof Ex-

perimentll

Remarks on the applied models:

We assumehatall the vaporis condenseaver a time periodfromt = 75stot = 80sto
heattheinjectedliquid, this condensediquid is addedo theinternalreflux. Theassumption
of total reflux is implementedsuchthat we computethe initial molar vaporflow, from this
molar flow we computethe initial volumetricreflux (correctedfor molecularweight), this
volumetricrefluxis thanusedthroughouthe simulation.

To accountfor the liquid delaythroughthe columnthe hydraulictime constantis in-
troduced. The liquid flow leaving the tray is respondindik e a first orderresponseo the
liquid flow enteringthe stage.Overall the liquid hydraulicis introducedprimaryto model
theliquid flowsin thecolumncorrectly(responseeboilerlevel to injectedliquid), neverthe-
lessthereis someinfluenceon the temperatureéesponse Theliquid hydraulicsis modeled
identically for all four modelswith a hydraulictime constantof 7, = 1.5s theliquid flow
throughthe column. The hydraulictime constantr; is estimatedrom experimentll, where
we determinedhedelayf,,, ~ 16s from butanolinjectionuntil thereboilerlevel increase.

Furthermismatchcanbe causedy neglectingtheenegy balanceandthevaporphaseas
well asthe unsuficient descriptionof the liquid hydraulicsof the column. The injection of
the butanolcauses changeof holdupon thetrays,neverthelesshe modeldoesnotinclude
effectslik e thechangen froth densitycausedy thetemporarilyinjectionof cold liquid.
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B.4 Obtain column holdup

The holdup of a distillation columnis of crucial importancefor the compositiondynamic
of a distillaiton column,especiallythe distribution of the holdupinfluencethe dynamicbe-
havior of thecolumn. Theholdupof adistillationis determinedy thefollowing procedures:

e emptythe columnby dumpingthe liquid into the reboiler vaporevaporatingis col-
lectedin theaccumulator

e computetheliquid holdupfrom pressuralropcorrelations

B.4.1 Dumping of the column

In TableB.10 resultsfrom differentexperimentsare summarized.The datawere collected
after experimentsfor determinatiorof stepresponsesverefinished. The procedurevasas
follows: Whentray temperaturedholdupsandproductflows settledto a steadystate reflux
andfeedpump,reboilerheatsupplyandthe productvalvesare shutdowvn simultaneously
Theholdupof reboilerandaccumulatoarerecordeduntil thesdevel out (approximately\20
minutesafter shutdown). The combinedvolume changeof accumulatoandreboilergive
thetotal holdupof the column.

Theincreasdn the accumulatovolumeis causedoy liquid which is storedin the con-
densemlandcondensesealduringoperatioranddueto evaporatiorof liquid from thecolumn
internals. Approximately150 ml of liquid is storedduring operationin the condenseand
its seal,this amountis substractedrom the sumof holdup changedrom accumulatoand
reboilersincethetotal columnholdupis to be determined.The increasen reboilerholdup
is causedy liquid storedon the sieve traysanddowncomerswvhich drainsfrom the column
into the bottom. It is assumedhatall liquid which reacheghe reboileris from the liquid
holdupontray anddowncomer

Overall,thedumpingexperimentgive aratherinconsistenpictureof thedependengof
liquid holdupin thecolumnonrefluxandheatinput. FromTableB.10it is seerthattheliquid
holdupof the columnincreasesapidly whenthetotal pressuredrop exceedsapproximately
70 mbar whichis foundto bethelimit of operationdueto flooding.

B.4.2 Modeling of the column pressue drop

From the presentedexperimentsit is not possibleto determinethe liquid distribution in
rectifierandstrippersection.Neverthelessit is suggestedio usepressurairop experiments
to determinea suitablecorrelationgfor the liquid holdupon the stage jincluding estimation
of thedry pressuraropoversieve thetray, theheightof clearliquid onthetray andtheclear
liquid heightabove the weir.

The pressuredrop over the entire distillation columnis causedy lossesdueto vapor
flowing throughthe connectingpipesandthroughpressuredrop over the stagesn rectifier
andstrippersection. The pressuralrop over a stageconsistsof dry andwet pressuredrop.
Thedry pressuralropis causedoy vaporpassinghroughthe perforationof the sieve tray.
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TableB.10: Experimentadeterminatiorof the columnholdupby dumpingof the column.
Notethatthe experimentmarkedwith (*) correspondo flooding.

ID reflux reboiler feed pressure changeof total
flow heat flow compo- drop | reboiler \ accumulator| column
input sition holdup
[ml/min] | [kJ/s] | [ml/min] | [mol/mol] | [mbar] [liter]
1 249.8 3.3 250 0.50 20.3 2.49 0.41 2.75
2 249.8 4.05 250 0.54 21.6 2.40 0.43 2.68
3 382.7 4.5 250 0.56 26.1 2.35 0.51 2.71
4 382.8 5.4 250 0.52 32.7 2.55 0.62 3.02
5 557.2 5.7 350 0.56 35.3 2.54 0.53 2.93
6 470.0 8.03 350 0.45 54.6 2.74 0.51 3.10
7 884.0 11.25 350 0.51 83.5 3.48 0.64 3.97
14 660.1 6.4 250 0.53 50.9 2.53 0.46 2.84
15 391.8 3.7 250 0.53 27.5 2.29 0.54 2.68
16 409.5 5.4 250 0.52 325 2.34 0.55 2.74
17 850.3 8.0 250 0.49 68.3 3.34 0.71 3.90
18 704.9 9.5 250 0.95 47.1 2.78 0.69 3.32
19 436.5 7.5 250 0.95 33.0 2.29 0.46 2.60
20 888.9 7.6 400 0.95 75.6 3.76 0.61 4.22
21 659.2 9.7 250 0.49 53.6 2.31 0.46 2.62
2z 883.9 135 400 0.50 79.6 3.46 0.51 3.82
23 391.8 5.55 250 0.51 26.8 2.39 0.46 2.70
24 400.8 3.75 250 0.52 19.1 2.18 0.37 2.40
25 314.1 4.3 250 0.51 23.4 2.76 0.46 3.07
26 418.7 5.4 250 0.55 315 2.40 0.35 2.60

Theareatediquid (statichead)on thetray causeshewet pressuralrop. We have chosernto
neglecttheresidualpressuredrop which is oftenmentionedn literature(e.g. Perry 1984),
sincethe proposed 2.5 mm of wateris in the orderof the wet pressuredrop for a stageof
theinvestigateccolumn.

The experiments(e.g. dpl anddp2)to determinethe pressuredrop of the distillation
tower are performedwith pure ethanol(zr = 0.99) asfeed. This procedures chosento
eliminatetheinfluenceof changesn densityin vapor liquid phaseandheatof vaporization
in the reboiler The control of the inventoryis doneautomaticallyby adjustingthe flow of
distillate (accumulatorandthe bottomflow (reboiler). The amountof reflux andheatinput
to thereboileraresetmanually

Thedesignof the stagess identicalin bothrectifierandstrippersection.To simplify the
computationsg¢onstanimolarflows throughoutthe columnsectionsandconstantiquid and
vapordensitiesareassumedThevaporflow is computedrom the heatinput to thereboiler

Q

V =
Ahvap

(B.38)

[m/s]

Sincethecolumnis fed with amixture primarycontainingethanolwe usetheheatof va-
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porizationof ethanolAh,,, = 38.7kJ/mol atT = 78.5°C. Heatlossedo thesurroundings
from the columnshellareneglected. Theliquid flow throughthe columnis computedrom
the control signalsto the meteringpumpsfor feedandreflux. The molar feed and reflux
flows arecomputedunderconsideratiorof thetemperaturénfluenceon the density

We assumdnerethattheinfluenceof theenteringfeedandreflux onthevaporflow is neg-
ligible andsubcoolings notthatextensvethataconsiderabl@mountof vaporis condensed,
theinternalreflux L is identicalto the externalreflux L. Theassumptiorof constanimolar
flows implies that the vaporvelocity in both sectionsis constant. The temperatureof feed
andreflux is approximately78°C', suchthat the assumptiorof neglectedcondensatiorof
vaporon feedanduppermoststages reasonable.

Onerequiremento geta sufficient setof pressuredrop datais to spanthe spaceof va-
por andliquid flow over anaslarge asnecessarynterval. During the recordingof the data
negative flows of distillate and bottom productwere necessarytheseare the caseswvhere:
Vr < Ly andLp < V. Theindex T denotegherefluxto stagell andvaporfrom stagell,
respectrely, while in thebottomsectionB denotegheliquid flow from stagel to thereboiler
andthe vaporflow from reboilerto stagel, respectrely. Feedingliquid directly to reboiler
andaccumulatotto spanthe spacefor the pressuredrop measurementsmtroducesomeer-
rorsontheresults.The 'negative’ bottomflow pumpednto thereboilerhasto be heatedup
from 20°C to the boiling point, this resultin alower vaporflow throughthe columnwhich
is computedrom Eq. B.38. Dueto the unfavorableinfluenceof 'negative’ bottomflow it is
choserto excludethesedatafrom theestimationprocedureThis phenomenowvill notoccur
for 'negative’ distillateflow, sincethe additionalreflux is pumpednto theaccumulatarThe
reflux passeshrougha preheatebeforeit entershe column.

Modeling pressue drop column-condenselpipe

Pressure drop column to condenser Theestimateof the pressuralropis com-
putedfrom a leastsquarefit of the experi-
mentaldata,theformulausedis:

600

500 * measurement

N
o
o

_ 1
L - estimate T Appipe = 40 + ipv (B.39)

L N
(fD—I; + gt) u;ipe[W]
Thefanningfriction factoris estimatedrom
Fig 5-28 in Perry Chemical Engineerings
Handbook(1984),underconsideratiorof the
10 surface qualility, the friction factor is esti-
matedto ¢/D, = 1.2 - 1073, which give
Figure B.50: Pressuralropin the pipe con- / = 0.005. The dimensionsof the connec-

nectionthe distillation columnandthe con- tor pipe are D, = 38mm, L, = 500mm.
denser* experimentadata,— estimate  1he total friction lossfactoris estimatedto

(; ~ 15.

pressure drop [N/m2]

0 2

4 6
reboiler effect [kJ/s]
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The constanin the equationcoversnot described/nglectedeffectsin theliquid sealof
the condenseinlet. The condenseis 'sealed’to the column by an approximately5 mm
liquid sealwerethevaporhasto passhroughbeforeit entershecondenser

Computation of stagepressue drop
Thepressureropcorrelationgresentetherearetakenfrom CoulsonandRichardsor{1985),
Perry(1984)andBennett(1983)Thesecorrelationsarenot necessarilghe only foundin lit-
erature put arereasonableorrectfor the hereinvestigatecdtolumn.

Total pressue drop: The pressuralrop over a stageis measuredsthe differencein pres-
surebetweerntwo adjacentstages

Appiate,i = Pi — Di-1 (B.40)

Applate = Apstatic + Apdry (841)

Thepressurdossdueto surfacegenerationApy.uie, IS NEglectedcomparedo theequations
listedin CoulsonandRichardson(1985)or Perry(1984). The pressuradrop dueto bubble
formationatthe orifice is approximatelys N/m?, whichis lessthanthe measuremeraccu-
ragy. The’'residualpressurealrop’, Apz, aslistedin literature(Perry 1984)is neglected.The
residualpressuralropis estimatedrom severalauthorsto be equalto a pressurdaifference
of 12.5 mm water Thisliquid heightcorrespondso a pressurelropof Apr = 123 N/m?
whichis comparabldo 50 % of the staticpressuralropthroughthe areatediquid.

Dry pressue drop: The dry pressuredrop over the orificesof the sieve tray is estimated
by

K pmo
0—02- - uy  [mm] (B.42)

The constantK in Eq. B.42is for sieve platesgivento K = 51 [1000s%/m] to give the
correctdimensionof the dry pressuredrop hg4-, in mm liquid. To corvert the equialent
liquid heightto the pressura@lropwe use:

hdry =

ha
APdry = pmi* 9+ —2  [N/m? B.43
Pdry = Pmi * g 1000 [N/m?] ( )

introduceeq.B.42into eq. B.43give
g ol Prmu 2

ADiry = Pl ——— * — . B.44
Pdry = Pmi 1000 CZ pou Up ( )

_0.50031 9

2 P - Up, [N/mQ]

Thevelocity of thevaporthroughthe orificesof thesieve tray is
V;n ) MWv

Py [m/s] (B.45)

2 _
Uy, =
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In Eq. B.45theorifice coeficientis setto C, = 0.72 (Coulson/Richardsori,985)for asieve
tray 2.5 mm thick equippedvith perforationsof a diameterof 2.7 mm.

Clear liquid height above weir: Theliquid hydraulicis determinedy theamountof liquid
above the weir. The heightof clearliquid flowing over a weir is determinedby a modified
Francisweir formulafor circularweirs (Perry 1984).

L e
o = 44300+ [ "0 B.46
h 300 <0.5 _ Dweir) [mm] ( )

with theliquid flow L, in [m?®/s] andtheexit weir diameterD,,; in [mm]. Theliquid flow
leaving thetray is computedrom
Lows - MW,
=2 L Imd)s] (B.47)
Pmi

Note that we consideronly 50 % of the exit weir circumcirclein Eq. B.46 asactive weir
length. This is dueto the designwith ancircularexit weir placednearthe columnwall. The
screenediteraturedoesnotincludeary correlationsvhich describehedistribution of liquid
flowing over anoff-centerplacedcircularweir.

L

Froth density. Thefroth density¢ canbe expressedy
¢ = ™) ] (B.48)

Theparameters; aredeterminecempiricallyfrom experimentatdatato fit the pressurelrop
overacolumnsectionby known liquid andvaporflowsin aleastsquaresencgseeAppendix
B.4.3). Thedimensiorof 7 is [(m/s)"/™] to ensureadimensionlesoth density Thefroth
densityonthetray depend®nthevelocity factorovertheactive tray area:

Ks = Ugctive \/

Static pressue drop: The staticpressuralrop dueto liquid storedon thetray is computed
by :

Pmwv ,in

[m/s] (B.49)

Pmil,out — Pmu,in

Apsmtic =g- hcl * Pmi [N/mZ] (BSO)

Dueto therathersmallcolumndiameterof 125mm we neglectarny hydraulicgradientover
thetray (Bennett,1983).

Estimation of clear liquid height: The clearliquid height (static head)on the tray can
be computedoy four differentmodels,denotedA to D.
Theliquid heighth., onthetrayis expressedy Bennett(1983):

hd:¢‘(Mmr+C<%>m) [m] (B.51)
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with C' = 0.0327 + 0.0286 * e~ %1378 weir and by, in [m]. C is an empiricaldetermined
parametermothto adjustthedimensionsn Eq. B.51andtheflow of froth overtheweir, ¢; is

theflow rateperunitlengthoutletweir in thedimensionm? /minxm]. Thecomputediquid

heighton thetray hhasthe dimensionof [m|. EquationB.51 will be usedin procedureA

to describethe flow of a froth over the weir andto estimatethe differentialpressureover a

stage.

Thedimensionof Eq. B.51arenotthatsuitablefor theinvestigatedsystem.t is chosen
to changethe dimensiondo Sl-unitsandusea leastsquarfit to adjustthe coeficients;.
We have choserto usetheexponentof 73 = 0.704 to describeheflow overthecircularweir
assuggestedh Perry

UE]
ha=¢- (hweir +C (Lwel:' ¢) ) [mm] (B.52)
With hyeir In [mm] and@; in [m?/s]. ; areempiricaldeterminecparameterbothto adjust
thedimensionsn Eq. B.52 andto adjustthe liquid heighton the stage.EquationB.52 will
lateron bedenotedorocedureB.

Note that the correlationsin equationsB.51 to B.52 for the computationof the liquid
heightareonly functionsof weir height, ..., vaporflow V;,, andactivetray area.Influence
onthe’'wet’ pressuralropby theliquid flow is solely by the volumetricliquid flow L, over
the weir. In the herepresentedorm is the liquid amountbelov weir primary dependent
on the vaporflow throughthetray The influenceof theliquid flow throughthe columnis

consideredy theterm(C - (¢) . For theexit weir of thehereinvestigateccolumnC in Eq.

B.51is computedo C' = 0.0612.

Possiblesimplificationsof Eqg. B.51will includetheapplicationof theclearliquid height
above weir as computedby Eq. B.46 insteadof the volumetric flow rate over the outlet
weir. Introducethis simplification opensfor two differenttypesof correlations.Basedon
the correlationof Bennett,suchthat

ha = ¢ % <hweir +C <h;w)“3> [mm)] (B.53)

with C' asan empirical determinedparameteto adjustthe dimensionsn Eq. B.53. The
numericalvalueof C in Eg. B.53is determinedrom experimentaldataof the investigated
column.EquationB.53will lateron bedenotedasprocedureC.

Themostsimpleform to describetheliquid heightonthetray will be:

hcl = (b * (hweir + (h;w ) 7r3> [mm] (854)

This simplepredictionwill bedenotedorocedureD.

In equationdB.52to B.54 we assumehatclearliquid flows over theweir sincea disen-
gagingzoneplacedin front of theexit weir. Dueto the designof thesieve tray, with the exit
weir off centertowardsthe columnwall, we assumehe 'active’ weir lengthto be 50 % of
thetotal length(seeEq. B.46).
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The most correctform of equationto describethe liquid heighton the tray will be a
combinationof correlationsEq. B.51 andB.54. Besidethe correlationsproposedy Ben-
nett (1983)(seekEq. B.40to B.49), correlationdrom Stichimair(1978)andLockett (1986)
bave beeninvestigatedoo. Both, the correlationdrom Bennett(in its publishedform) and
Stichlmair, overestimatehe amountof liquid onthe stagefor theinvestigatedsystem.

Remarks on estimation procedures

The applicationof pressuradrop measurementasindicationfor the liquid holdupandit’s
distribution on thetray is dependenbn accurateneasurementandcorrelations.The clear
liquid heighton thetray is dependenbn the vaporflow (throughthe froth density)andthe
heightof clearliquid above theweir.

The estimationof the coeficientsin e.g. Eq. B.53is rathersensitve to errorson the
pressuradrop measurementThedry pressuradropis predictedby Eq. B.45for eachstage.
The threeparametersr; to 73 describethe dependeng of the holdup on vaporand liquid
flow. Theliquid holdupon thetray is very sensitve to theseparametersa wrong predicted
froth densityresultsin a considerablemispredictionof the liquid holdupon thetray. The
downcomerholdupdependsnainly onthe pressuralrop over the stage(sumof dry andwet
pressuradrop) andthe holdupundertheinlet weir. An errorin dry pressuredropof 1 mm
will give anerrorof 1.1 ml, mispredictingthe clearliquid heighton thetray by 1 mm result
in an error of 12.3ml on eachstage. The latter correspondgo approximately5 % of the
stageholdupand up to 10 % of the tray holdup. This shaws the large sensitvity of this
measuremerdan anexactpredictionof theliquid heighton thetray.

The designof the stagescomplicatesthe predictionfurther, with column diameterof
D. = 125mm andacircularweir of length L, = 112mm. It is aratheruncommonrdesign,
wherethetray diameterandthe lengthof the outletweir arealmostidentical. The position
of the outlet weir off-centertowardsthe wall resultin a rathercomplicatedflow pattern
on thetray. Dueto thetray designis the clearliquid heightabove weir relative low (e.g.:
0.5 < hy < 1.5 mm, seealsoEg. B.46),evenwhenwe assumehatonly 50 % of the outlet
weir lengthis active.

B.4.3 Parameter Estimation for the simulation model

Four differentprocedureso estimatethe pressurarop over the stagesn a distillation col-

umnarepresenteddeeAppendixB.4.2). ProcedureéA is basedon the original publication
by Bennett(1983)which arepresentedn equationd.49. Procedure is basednthesame
equationgout the coeficientswheredeterminedy a leastsquareoptimizationof the exper

imentaldata.In procedureB the coeficientsaredeterminedsimultaneouslyor therectifier
andstrippersection,taking the identicalinternaldesignof the stagednto account.In pro-

cedureC (seeEg. B.53) we exchangethe volumetricflow perunit weir lengthby the clear
liquid heightover weir which is computedfrom Eq. B.46. This will reducethe number
of equationsn a dynamicmodelwherethe modified Francisweir formulais usedto de-
scribetheliquid hydraulicthroughthe column. Simplify thecorrelationdurtherleadsto Eq.

B.54, the resultsof this predictionare presentedsprocedureD, in D2 the coeficientsare
computedor bothsectionsseparately
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The coeficientsdeterminedoy a leastsquareoptimizationof the experimentaldatato
estimatefroth densityandclearliquid heightonthetray arelistedin TableB.11. Notethat
w3 and C' are not necessaryor procedure®d. The 3-d figurese.g. FigureB.51 shov the

TableB.11: Coeficientsof thecorrelations€Eg. B.48,B.51,B.53andB.54

Procedurq m o 3 C
A -12.55(0.91| 2/3 | 0.0612
B -14.50| 0.38| 0.704| 15959
C -14.88| 0.27 | 0.704| 45.49
D -11.44/0.63| 1.4
D2R -1250/ 081 1.4
D2S -9.01 049 14

pressurarop measurementsver a stagein therectificationandstrippingsectionof thein-

vestigategilot plant. The actualmeasurementaremarkedwith (*) and(o) for therectifier
and stripper respectiely. The surfacewhich is drawn in the coordinatesystemof molar
liquid andvaporflow andthe pressuredrop representshe estimationof the pressuredrop
basedon the presentedtorrelations. The advantageof the 3-d plotsis thatit is rathereasy
to seeif thetype of correlationis suitable. The deviationsareplottedin anextrafigure (see
e.g. FigureB.53), wheredeviation for eachexperimentis shovn. For simplicity we restrict
thepresentatiomf datato procedureA andD. Eventhoughtprocedure® andC shov some
goodresults,thosecorrelationsverenot usedin the simulations becausef their consider

ablemorecomplicatedorm.

Procedure A
Basedon the correlationsBennetpresentedEq. B.40to B.51). The coeficientschoserfor
bothrectifierandstrippingsectiongivenin TableB.11 markedwith (A).

From Figure B.51 we seethat the vari- Pressure drop per tray
ation in liquid flow doesonly have a lim-
itedinfluenceonthe predictedpressuralrop,
whichdoesnotagreewith themeasuregres-
sure drop. Overall the predictedpressure
drop (surface in Figure B.51) over a stage
in the rectifier (*) andstripper(*) sectionis
farto high. (Themeasuredlatapointswhich
arelower thanthe predictedsurfaceare hid-
den.)RotateFigureB.51suchthatwe canin-
spectthedependengof thepressuralropon
the vaporflow shawvs (seeFigure B.52) that FigureB.51: Pressur@ropoveratrayin the
thereis aratherextensive mismatchbetween distillation column,procedureA
predicted(—) andmeasured * , 0) pressure
drop.

pressure drop [N/m2]

vapor flow [mol/s] 0o liquid flow [mol/s]
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Sincethepredictedoressur@ropshovs aratherconstanbffset(seeFigureB.52) andthe
shapeof the predictedpressuraropis similar to the obsened valuesit is assumedhatthe
liquid holduponthetray is overestimatedWe assumehatthe suggestedype of correlation
is reasonablendthe amountof liquid storedon the tray underoperationhasto bereduced
(thisis thedependengof theliquid holdupon the vaporflow) to achieve a betterfit.

Thedeviation betweermeasuremerandestimationis in excessof 50 N/m? this corre-
spondsto a liquid heightof approximately7 mm, which is 30 to 70 % of the clearliquid
heightonthetray. Theform of thefroth densitycorrelation(Eq. B.48) impliesthatfor very
low vaporflows (K, ~ 0), the heightof clearliquid on thetray equalsthe weir heightplus
the heightof clearliquid above weir.

The error betweenthe literature correlationsand the measuredraluesis presentedn
FigureB.53. Thisfigureshavstheextensive deviationin thepredictionof thepressuralrop.
A deviation of approximately+20% in the stripper(*) sectionanda deviation of maximum
of 80% for therectifier (o) sectionis obsened.
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FigureB.52: Pressura@ropoveratrayin the
distillation column, procedureA (rotationof
FigureB.51)

Procedure D2

The mostsimple correlationto describethe
clearliquid heightonthetrayis givenin Eq.
B.54. The resultsare presentedn Figures
B.54 to B.56. This correlationwill be valid
for a distillation tray wherea calming zone
is placedin front of the outletweir. Predict
the coeficientsin Eq. B.48 separatelyfor
eachsectionimprovesthe predictionandre-
ducesthe offset significantly We chooseto
do the parameterestimationseparatelydue
to the ratherdifferentliquid loadingson the
stages.

Figure B.53: Error betweenpredictionand
measuredoressuredrop, o’ tray in stripper
section,* trayin rectifiersectionprocedure

Pressure drop per tray

pressure drop [N/m2]

vapor flow [mol/s] 0o

liquid flow [mol/s]

FigureB.54: Pressuraropoveratray in the
rectifying sectionof the investigatedistilla-
tion column,—" estimated® measuregres-
suredrop, procedureD2R
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The deviation betweenestimationandmeasuremeris shavn in FigureB.56. The most
extensie error (morethan 15 % ) are obsened for experimentswherea low vapor flow
(V < 0.02mol/s) is used.

Pressure drop per tray Error between predicted and measured pressure drop
0.

o
i

pressure drop [N/m2]
(dp_pred—-dp_tray)/dp_tray
5 5 o
N = o
0
x * o,
« 3
° o

4
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©
o

s 10 20 30 40 50 60
r vapor flow [mol/s] molar liquid flow [mol/s] # experiment

FigureB.55: Pressura@lropoveratrayin the FigureB.56: Error of the improved correla-
stripping sectionof the investigateddistilla- tion, '*' tray in rectifier section,’o’ tray in
tioncolumn,—" estimatedo’ measuregres- strippersection,procedured?2

suredrop, procedureD2S

Discussion
The correlationsdevelopedby Bennettare basedon experimentswherethe free tray area
(holearea)is approximatelylOto 15 %, furthertheliquid andvaporloadonthetrayswhere
severalmagnitudesiigherthanin the hereinvestigatedsystem.Due to thesecircumstances
we have choserto modify thesecorrelationgo allow a betterpredictionof the pressuralrop
andthusthe clearliquid heighton thetray. We adoptthe equationfor the froth density(Eg.
B.48)andintroducetheclearliquid heightabose theweir into the correlationto computethe
clearliquid heightonthetray.

B.4.4 Results

Column pressue drop prediction
The pressuredrop over the distillation column, thatis from the first tray to the condenser
inlet is computedrom correlationspresenteds procedureD?2 (seeTableB.11). Thetotal
pressuredrop over the column consistsof the dry and static pressuredrop of five andsix
stagef stripperandrectifier section. By applyingEq. B.40to Eg. B.50andEq. B.48to
Eq. B.53we areableto computethe pressuralropover the investigatedistillation column.
Theproposedorrelationsarecomparedo experimentatiataof thedistillation of ethanol.
Thefeedcompositionwasz f = 0.95, therefluxflow is choserto 383ml/min (0.1024mol/s).
Distilling ethanolhasthe advantagehatthe densityof the liquid in the columnwill be con-
stantandcomputations slightly simplified. Apply procedureD2 to theinput datalistedin
tableB.12resultin the pressuralrop predictionshovn in FigureB.57.
Evaluatetheproposedorrelationonexperimentablata(seeTableB.10)of thedistillation
columnis shown in Figure B.58. Overall the predictionof the pressuredrop is sufficient
whenthe coeficients determinedirom the distillation of ethanolare usedto estimatethe
differentialpressureverthedistillation column.
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TableB.12: Operationaparameteof Experimentdplanddp2

dpl dp2
F, ml/min 374 225
F mol/s 0.1068 0.0641
L, ml/min 385 385
L mol/s 0.1024 0.1024
heatinput| kJ/s | 0.75-9.75| 1.5-9.75

Total pressure drop Column pressure drop
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Figure B.57: Comparisonof measuredand Figure B.58: Comparisonof measuredand
estimategpressuralropfor thedistillationof  estimategressurelrop, (*) measurement;-
ethanol procedureD2 ) predictionbasedon procedureD?2

The experimentswith a measuregressuredropin excess6500 N/m? were performed
underconditionscloseto flooding (highliquid andvaporload). Eventhoughflooding(rather
fastincreasingoressuralrop) wasnot explicitly consideredn the predictionof the pressure
drop the predictionprocedure the estimatedoressuredrop over the column agreesrather
goodwith the experimentaldata.

B.4.5 Holdup prediction

Fromtheabove presenteghrocedures$o predictthe pressurelrop,we areableto computethe
liquid holdupin thedistillation column. The measuregressuralrop andthe corresponding
holdupin thedistillation columndeterminedy dumpingarepresentedn TableB.13.

The differing vapor and liquid flows of the two sectionsare taken into consideration
throughthe predictionof froth density(Eq. B.48) andliquid heightabove weir (Eq. B.46).
Thetotal pressuraropoverthestages proportionalto theliquid backupin thedowncomer
Thetotal liquid holdupon a stageis thus, liquid onthetray, in the downcomerpipe andin
the downcomerseal. Table B.13 shaws the resultof the holdup predictionfor someof the
performedexperiments.The errorin holduppredictionis in the orderof +10 %, but shov
increasingerrorascolumnloadingincreases.

The errorbetweerestimationandmeasuredriolumetricholdupis of the orderof +10 %
for procedureéd2. Theliquid holdupis somavhatunderestimatetbr highervaporandliquid
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loads.

TableB.13: Columnholdupby dumpingof the columncomparedo estimatecholdup.

Exp. | reflux | reboiler feed pressure  column
flow heat | flow ZF drop holdup
supply dump.| D2

(2T 1] | [ | T2 | fmbar] | [lter
1 250 3.3 250 | 0.50 | 20.3 2.75 | 2.88
2 250 4.05 250 | 0.54 | 223 2.68 | 2.77
3 380 4.5 250 | 0.56 | 26.1 2.71 | 2.74
4 382 5.4 250 | 0.6562 | 32.7 3.02 | 2.67
5 557 5.7 350 | 0.56 | 35.3 2.93 | 2.69
6 470 8.0 350 | 045 | 54.6 3.10 | 2.66
7 800 | 11.25 | 350 | 0.51 | 835 3.97 | 2.98

B.4.6 Discussion

The predictionof the pressuredrop andthe total liquid holdupin the distillation column
relies primarily on the correctpredictionof the liquid heighton the sieve tray. The liquid

storedon thetray is primarily dependentn the vaporflow sincevaporbubbleswill replace
liquid. Furtherwill theliquid crossflow over the sieve tray influencethe tray loading. The

heightof clearliquid aborve weir is computedrom Eq. B.46 which is assumedo describe
theliquid hydraulicwell. Theclearliquid height,h.l onthe stageis computedoy Eq. B.54
andthefroth density ¢ from equationB.48. Theerrorin the predictionof theliquid holdup
overthewhole columnis in theorderof +10. The operationof a nearlyfloodeddistillation

columnwill notbe consideredateronin thedynamicsimulationprogram.

B.5 Summary of experiments

Experimentsl to 4 whereperformedwith the level loops closedto maintainthe material
balance.Thereflux pumpandreboilerheatsupplywereundermanualcontrol. The signals
tothemanipulatomweresteppeduchthatrefluxandvaporflow wereincrease@nddecreased
in turn. Thefeedcompositionwasnearzy = 0.5.

The experimentss to 7 wereperformedwith a feedmixture of ethanolandbutanolat a
concentratiomearzy = 0.5, while experiments3 to 13 whereperformedwith zr = 0.95 to
reduceeffectsof molecularweightandheatof vaporization.

In experimentsl1to 13weinjectedaheary tracerontheuppermoststageof thedistilla-
tion columnoperatedattotal reflux. Theinitial feedchage hada compositionof zx = 0.95.
We determinedhetime delaysfor thetracerwave traveling throughthe columngraphically
andcomputedhehydraulictime constants
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Comparison step experiments (openloop), continuous operation The delayfrom a step
changen reflux until thereboilerlevel startsto changes determinedrom experimentss, 7
and8to bein therangeof 15 < 6,,, < 20 for anincreasan reflux flow, this correspond$o
ahydraulictime constantr; ~ 1.6s.

Reducinghereflux flow (Exp. 9 andresetExp. 8) resultsin atime delaywhichis in the
rangeof 30s < 0,1, < 45s, thisdifferenceis causedy liquid still traveling downwards
liquid in the columntowardsthe reboilerafter the reflux pumpcontrol signalwasreduced.
The liquid flow from the columnto the reboilerwill remainon the initial level beforeit
changegraduallydueto thereducedeflux flow to the uppermosttray.

Thedelayfrom increase/decreasé thereflux pumpcontrolsignaluntil theaccumulator
level reactsis in the rangeof 4s < 0y, < 6s. Theresponseof the reboilerlevel to
anincreasdn reboilerduty is delayedby 4s < 0,0, < 5s. Thesedelaysare caused
by processingime of the computerandthe dynamicsof reflux pumpandreboilerheating
elementsrespectiely.

Thestepexperimentg7 and10) performedo investigatehevaporhydraulicsgiveatime

delayfrom the increaseof the reboilerheatinput control signaluntil the accumulatottevel
reactsin therangeof 20s < 0y, v < 35s. Fromtheseexperimentst is ratherdifficult to
determindf thedelayis causedy vaportraveling upwardsthroughthe columnor dueto the
delayintroducedby condenseand piping towardsthe accumulatar From Exp. 10to 13 it
is foundthata disturbancen the top vaporflow, Vr, (somevaporis condensedby heating
theinjectedtracer)resultin adelayfrom top of the columnto accumulatoin theorderof 10
seconds.
Comparison tracer experiments,total reflux Total reflux operationwasusedto preform
experimentsl1 to 13, with areboilereffect varyingfrom 6.0kJ/s < @ < 9.0kJ/s anda
refluxflow of 470 ml/s < L,, < 705 ml/s. Thedelayof theresponsesf stagedl, 3,5, 7
and9 relative to theinitial temperaturéncreaseon stagellis shavnin FigureB.59.

Time delay tracer experiment Time for tracer to reach stages
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FigureB.59: Comparisorof time delaysfor - FigureB.60: Wave of tracermoving through
tracerexperiment. Referencetime is initial  the column(countingtop-dawn)

deviation on stagellto stagesl,3,5,7and9.

Theratio of theincreasen reflux andboilup is chosensuchthat we getan equidistant
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increasef themanipulatedrariableseboilerheatsupplyandvolumetricreflux flow. As can
be seenfrom Figure B.59 we getan approximatelylinear dependeng of the (composition)
transportdelayif bothreflux andboilup areincreasedsimultaneouslyFor a 20 % increase
in refluxandvaporflow we getaresidencdime onthe stagesvhichis reducedon average)
by 20 % comparingexp. 11to 12; for anincreaseof 50 % theresidencdime decreaseby
359% (comparingexp. 11to 13).

The total time a tracerpuls needsto travel throughthe columnfrom stagell down to
stagel is in shavn in FigureB.60. It is ratherdifficult to determinethe exacttime at which
thetracerreacheghe stages3, 9 and10, sincethe uppermoststageswill be stronglyinflu-
encedrom theinjectedcoldtracer Effectsinfluenceinghedifferentcompositiorresponses
in therectifierandstrippingsectionaredueto liquid replacedy thetracer(200ml injectedis
approximatelythe entirestageliquid holdup)immediateafterinjectionandcondensatiomof
vaporwhichresultsin anincreasedray loadingwhich resultin weeping,dueto overloading
of theuppermoststage.

If we approximatehe residencdime of the columnby the delay of the maximumtem-
peratureincreaseon stagel relative to stagell we can estimatethe liquid holdup of the
column.Thisis 7.co ~ 6. = Vea /L. Estimatingthe columnholdupfrom this methodgive
aholdupin theorderof 2.4 | < Vg, < 2.8 1 dependingon the operationpoint. (Thisis, we
assume plug flow throughthe pipe) Fromthetotal liquid holdupwe cancomputethe stage
holdup (this is liquid on the sieve tray andstoredin the downcomer)by Va5 = Voor/ N,
suchthatthe stageholdupis Vg =~ 0.241.

Comparison stepand tracer experiments

The principal differencesof thesetwo typesof experimentsmale it ratherdifficult to com-
parethe experimentaldata. The stepexperimentsare performedsuchthatthe liquid flow is
changedyy lessthan20 % from theinitial reflux flow. The’step’changes introducedasa
rampof 16 ml/s dueto thedynamicsof themeteringpumpsupplyingthereflux. Thevolume
injectedin the tracerexperimentincreaseshe reflux flow temporarilyby morethan50 %,
suchthatthe compositiontime constanis considerablynfluencedby thisincrease.

Thedifferentmethodologyto performthe experimentgequirethedefinitionof anappro-
priatereferenceime to allow for acomparisorof thedifferentexperiments.To facilitatethe
comparisorwe have to accountfor the differenteffectswhich influencethe hydrauliclag.
For the stepchangewe have to considerthe influenceof datatransferaswell asreflux and
reboilerdynamicsandfor the tracerexperimenteffectsdueto injection of thetracerliquid,
subcoolingandoverloadingon the stage.The hydrauliclag determinedrom the stepexper
imentsaredeterminedrom thetime differencefrom theinitial decreasef theaccumulator
to the intial increasean reboilerlevel. The tracerexperimentsarereferencedo the initial
temperaturehangeon stagell to theincreasen reboilerlevel.

Liquid hydraulics:

We comparédirst the experimentsverethe internalliquid flow is changedeitherin form of

a stepof the signalto the reflux pumpor by injection of a tracer The experimentwe are

referingto areexperimentsb, 7, 8 and9 andthetracerexperimentsl1to 13. To simplify the

comparisorof stepandtracerexperimentwe presenthe essentiatlatain TableB.14.
Experiments8, 9 and 11 are performedat similar operationpoints but with different
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operationstratgjies. Experiments3 and9 is the standardype of operationfor a distillation
columnwith feedandproductflows. Experimentsl1to 13 areperformedn thetotal reflux
mode,suchthatthereis no feedor productflows.

TableB.14: Comparisorof liquid hydraulic

Experiment 5 7 8 9 11 12 13
Figure B.23| B.25| B.31| B.32| B.35| B.38| B.40

F ml/s 5.83 4.17 | 0.0

zp | mol/mol | 0.56| 0.51 0.95

Ly ml/s 7.81| 13.3] 8.02] 7.88 9.8| 11.75

QB kJ/s 5.79| 11.25 6.0 7.5 9.0
Exp. type step pulseof 5s

AL ml/s 147 1.45| +1.49| -1.49 40.0

Onry s 5.3 6.5 50| 4.0| 9.7| 10.8| 13.3

Ony s 23.1| 22.3| 24.9| 34.1| 19.5| 18.0| 19.0
referedto accumulatotevel initial temperature

change changestagell
6, s 17.8| 15.8| 19.9| 30.1| 19.5| 18.0| 19.0
T s 162 1.44| 181| 2.74| 1.77| 1.63| 1.72

Thetime tagsé,,, andf,,, for the stepchangechangeexperimentsarereferedto the
changeof the reflux pumpcontrol signaluntil reboilerandaccumulatotevel reacts.These
for the tracerexperimentsarereferedto theinitial temperatureleviation on stagell. From
FigureB.31 we seethatthe responsef the accumulatoitevel is delayedby approximately
5 secondsomparedo the changeof the reflux pump control signal. These5 secondsare
causedoy the processingime of the computersystemto changethe controlleroutputand
thetime elapsingo corvertthe electronicsignalto achangean volumetricflow of thereflux
pump.Furthera changerom 0 to 100% (corresponds$o 0 - 1000ml/min) reflux flow takes
approximately60 s (thisis arampwith gradientl000ml/ 60 s = 16.7ml/s). In Experiment
8 and9 we changethe reflux by ~ +90 mi/min, this changewill be completedafter ap-
proximately6 secondsWe chooseto approximatehe rampof the pumpandthe electronic
processindyy a delayconsistingfor processing/dataansferby a time delayof 5 seconds.
The dynamicsof thepumpwill beconsideredf theinitial accumulatofevel changes used
asreferencdor the stepexperiments.

Usetheinitial deviation of accumulatoitevel asreferencefor the stepexperimentsand
theinitial temperaturaleviation on stagell for the tracerexperimentsthe hydraulicdelay
is rathersimilar. The hydraulicdelayfrom the uppermoststageto the reboileris denoted
6,. The averageliquid hydraulictime constants computedto 7; = 60y, /N; = 1.67s for
eachstagefrom experimentswverethe internalliquid flow is increased.Thesetwo methods
(stepon reflux andtracerinjection) give consistantesults.Note Exp. 9 is performedwith a
reductionin reflux flow, suchthatthis resultis not used.
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Notation

A activearea m?

Co dischage coeficient

dp dry pressuralropovertray N/m?

D molardistillate flow mol/min
diameter mm

F molarfeedflow mol/min
tracerflow mol/min

g standardhcceleratiorof gravity m/s?

G(s) Procesgransferfunction

h molarenthaly GJ/kmol

h height mm

K procesgyain
equilibriumconstant

K, dimensionlesselocity

L molarliquid mol/min
length m, mm

L, volumetricliquid flow m?/s

M molarholdupof liquid mol

MW  moleculamweight kg/kmol

N number

Qs heatinput kJ/s

q flow rateperunit length m3 /(minm)

p pressure Pa, bar, N/m?

q liquid flow m?3/s
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t time h, min, s
T temperature °C

v velocity m/s

Ys molefractionof component in vapor

x; molefractionof component in liquid

Zi molefractionof component in feed

molefractionof component in tracer

GreekSymbols

Q equilibriumconstant

A deviation

€ surfaceroughness mm
Pm liquid massdensity kg/m?
p liguid molardensity kmol /m?
e empiricalcoeficient

o) froth density

T time constant

0 time delay

¢ friction lossfactor

Subsripts

actve actwvetrayarea
apron downcomerapron

B bottom,reboiler

d,dc downcomer

D distillate

i identifier

in flow into the systenmvolume

n dummyindex for numberof components
I liquid phase

out flow out of the systemvolume

t tray, total

v vaporphase
0 initial state
o0 final



Appendix C

Linearized Tray Hydraulics

C.1 Tray hydraulics

The hydraulicsof a distillation columnis of crucial importancefor the overall dynamic
responseModelswith arigoroustray hydraulicstendto bevery complex. In this sectionwe
usethe simplified tray hydraulicswhich is proposedoy Rademakr (1975) and Skogestad
(1988). Simple expressiondor the key parametersiescribingthe hydraulics,namley the
hydraulictime constant; andthe effect of vaporflow on liquid flow the vaporconstant\
will be derived. For simplicity, the vaporholdupis neglectedand constantmolar flow is
assumed,, = V..

Theliquid flow leaving thetray L,,,; equalsL;, atsteadystate dynamicallyit is affected
by bothvaporV;,, andliquid L;, enteringthetray. Theliquid flow from the stagedepends
upontheliquid holdupandtheimpulseof thevaporflow characterizety thestagegeometry
andthe loadingcondition. An increasen L;, will increasethe holdupandgraduallyL,,,;,
this time constantis denotedr;. A changein vaporflow V;, hasno steadystateeffect on
L., but mayhave aninitial effectfor A # 0. Theincreasedraporflow will reducethefroth
densityon thetray which increaseshe froth heightandsuchthe froth flow leaving thetray.
Simultaneouslyanincreasdn V;,, causesanincreasan pressurealrop betweenthe stages.
The increasen differential pressurdancreaseghe liquid backupin the dowvncomerwhich
reducetemporarilythe liquid flow L,,; leaving the downcomerandthusreducethe liquid
heightonthetray h.; below.

Thesignandmagnitudeof A depend®nwhich of thetwo effects(increasealowncomer
backupor changein froth density)dominatesboth effects are strongly dependenbn the
tray design.Since\ andr; arestronglydependentn stagegeometryandcolumnloadinga
differentvaluesmaybefoundfor therectifying andstrippingsection.

SM, SM,
M = ") . dL,, L A7 1
d ((mm)L d t+<5Vm)L dv; (C.1)

dM =Ty, - dLout + TV - d‘/;n (C2)
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Rademakr, 1975

5Lout 5Lout
ALy = | —— - dVip, e -dM C.3
= (), (5i7), 3
1
ALou = A+ dVig + — - dM (C.4)
L

compareboth equationgive:

5L (JML) TV
= 22 = — il = IV (C.5)
(5V 1 ((5M )V

oL L

It is assumedhattheliquid flow, L., from astages directly affectedthroughthevapor
flow in ,V;,, (indirectly throughits effect on the liquid level) and by the holdup (mass)on
thetray M. Linearizingthis relationyields (Rademakr etal. 1975,SkogestacandMorari

1988)
LO’IL Lou
deﬁ:(%Vt> d%m+<%hf) dM
mn M V

A

1
= \dVy, + —dM (C.6)
TL

Notethatthis relationshipis assumedo hold dynamically We wantto obtain A andr; from
steadystaterelationshipgor the liquid holdupon the stagefound from designdataof the
column. Theliquid holdupcanbe expressedy the following relationsM = f(L,V, Ap)
with pressuredrop Ap = f(L,V). Linearizetheseexpressionsand assumeL;, = L,y

yields:
oM oM
M= (5Lout>v o + (6‘/;71)L *Vin

= TLdLout + TVdV;'n (C7)

Notethatthis equation®nly holdsat steadystate.After obtainingr; andr, we mayexpress
A by

p— (C.8)
TL

Thisfollowsby settingd M = 0 in equationC.6andC.7andrearrangeo get(d Loy: /0 Vin) -
For a physicalexplanationof A we assume constantiquid flow (no externalchangeof
refluxto thetoptray). Theliquid holduponthetray hasa negative slopewith respecto V if
A IS positive, thisis anincreasan vaporflow give andecreasén liquid holdupof eachtray
(decreasef froth density¢), excessliquid will be dumpedon the next tray, assuminghe
downcomerlevel ( k4. =~ he, EQ.: C.14)remainsconstant.Theincreasan vaporflow result
in antemporarilyincreasen internalflow of liquid. (negative signof A = internalliquid flow

is temporarilydecrease@vhile thetray holdupincreases).
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C.2 Estimation of hydraulic time constantsfrom column
designdata

Theliquid holdupdistrukution on the stage(tray plus downcomer)is shown in FigureC.1.
In this sectionthevaporholduponthestages neglected furtherall liquid holdupis in terms
of clearliquid.

The liquid holdupdependn geometry liquid andvaporflow. The liquid holdupof a
stagecanbe split up into liquid on the tray M,,,, andin the downncomerM,.. The liquid
holduponthetray canbedividedinto liquid under M,,,,, andover, M,,,, weir. Theholdupin
thedowncomerconsistsf theliquid in the sealpan M,.,; (or behindtheinlet weir), holdup
dueto hydrodynamidossesunderthe downcomerapron,M;,, holdupdueto dry pressure
drop Mg, andtheamountof liquid correspondingo theclearliquid heightonthetray Mg,;.
Theliquid holdupin the sealpanis independentf the vaporor liquid flow. Sincethe height
of clearliquid onthetray andthe correspondindpeightof liquid in thedowncomer(denoted
he in FigureC.1) dependequallyon liquid andvaporflow, theseholdupsare combinedto
M. To simplify the computationof the partial derivativeswe combinethe liquid holdups
onthe stagedependenbn the vaporflow to M, andconsidettheliquid flow dependenpart
M,,, separately

A

Fooooo
u I Vout Yout Tv,out

Pv,out Pmv,out control volume

i
i
i - 1

' 1 vapor
I 1! liquid
i

1
|
1
|
1
|
1
|
1
|
1
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! :
| 1
|
; Mow |
|
U
M - x,
Lin & tray Pt B My \t. _
A Ly ] Miay Mow* Muw
_________________ ]
o N
in Yin 1 Ade
= +
Py.in Tv,in 3 i Mac™ Mseal” Miosst
il |
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— i |
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<1 Pmia ||| Md
i |
1 Xout,i !
S|l i [Mary
< i |
Nioss* hac ||} [ Mioss
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I
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FigureC.1: Controlvolumeon astage

Theholdupis relatedto geometryandflows by the flowing relations:

e liquid on stagecorrespondingo theclearliquid heightM,.; = f(Lout, Vin)

Mcl = Mt’my + Mdcl (Cg)
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Mt'ray = My + Moy (ClO)
Mtray = Aactive “ P hcl (Cll)
M = Adc - pr - ha (C.12)
Mcl - (Aactive + Adc) “ P hcl (C13)
how e
ha = ¢(hweir + < & ) ) (C14)
wherethefroth density¢ is stronglydependentn thevaporflow
_ Pmo

¢ - G.Z'p(ﬂ'l ) (uactive . 7) ) (C15)

Pml — Prmw

FromequationC.14we seethattheliquid holdupundertheweir M,,,, primarydepends
on the vapor flow to the stage( ¢ - hyeir), While the liquid holdup above the weir
(@« (how/®)™) depend®nliquid andvaporflow.

o liquid aboveweir, M,,, = f(Lout)

Mow = Aactive P how (ClG)
with
Lout . MVV[ 0.704
how = 44300 - C.17
(pml -0.5- Dweir) ( )
e liquid holdupin thedowncomerdueto dry pressurelrop My, = f(Vin)

Mdry = Adc *Pmi - hdry (C18)

ol P
hary = oz . o CUF (C.19)

e liquid holdup due to the hydrodynamicloss underthe downcomerapron M,,;s =

f(Lout)
Mloss = Adc *Pmi - hloss (CZO)

Rigss = 3¢ (C.21)
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Assumeconstanflows overthetray we canexpresshe hydraulictime constanbf vapor
7, andliquid 7; of Eq.: C.7 by changesn liquid holduponthe stage.

W:<MMO +@Mﬂ (C.22)

s ), ey /,

n:(@%ﬁ +GMW) (C.23)
o Jv o )y

Expresgheholdupswith correlationsC.10to C.21andlinearizethe nonlinearequations

e M, clearliquid ontray

oMy P(Ing)?

=M 24
5V Y (C.29)
e Mgy, liquid holdupin downcomerdueto dry pressuralropovertray:
5Mdry Mdry
=2 C.25
oV V; ( )
e M, liquid heightdueto pressuralropunderdovncomer
5Mloss . Mloss
5L 2 .. (C.26)
e M,, liquid above weir
6Mow _ MOU}
5L = 0.704 I (C.27)
Combinethe equationsC.24to C.27with C.22andC.23andwe obtain:
Mg, ¢(lng)?
=2—""Y 1 M, C.28
Ty v + M Vo ( )
Mloss Mow
L = 2 I +0.704 I (C.29)

% 2Md7‘y + ¢(ln¢)2Mcl Lout
A=-—L=— C.30
TL 2Myyss + 0.704 M, Vin ( )

The hydraulictime constantr; estimatedrom the rigourousmodelvariesfrom 0.5 <
7; < 3 andthevaporconstant) is varyingfrom —5 < A < —0.5. Estimate)\ from equation
C.30will allwaysgive A < 0.
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C.3 Linearization of hydraulics

Theliquid holdupson the stage(tray plusdowncomer)aredividedinto:

M,;: clearliquid ontray andin downcomerthisis liquid underandabove weir

Mgy liquid in downcomerdueto dry pressuredrop

M 1055 liquid in downcomerdueto flow resistanceinderdowncomerapron

M, liquid ontray above weir

My, SM,
= (—2) L+ (=) |, (C.31)
Sy Sy
5MOSS 6Mow
= (—22) |y +( ) [v (C.32)
o 5.

expressthe holdupswith correlationandlinearize:

e M, clearliquid ontray

My = (Ar+Ap)-pi - 2a (C.33)
h s

Zel = ¢ ) (hweir + < ;w) > (C34)

¢ = MK (C.35)

TableC.1: Parameter# theoriginal Bennettformulaandfor traysin top andbottomsection
for theinvestigatedlistillation column.

T T T3
Bennett -12.55/ 0.91| 2/3
Rectificationsection| -9 05|14
Strippersection | -12.55| 0.8 | 1.4

V;'n - M Wv Pmu

K. =
° Aactive * Prw Pml — Pmwv

(C.36)
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5(?‘4;1 L= (Ar+ Ap) - p; - (;?/d L (C.37)
ot (e ()00 T o
:ss_xqi - 551?5 ' 5511{/5 (C.39)
66;?5 mom K™K L (C.40)
65;{55 —$-lng-m - K™ (C.41)
fzf; _ 5_” (C.43)
% =¢-lng-m - K" - ff—n (C.44)
§—$ _ %:‘W (C.45)
5%y = u'-v _2u v (C.46)
v v
O(fge)™ _((%)™) g (C.47)
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5((hee)ms)  hab.g—hz .2 pm a5
) - 273 _(/527r3 ( ) )

noteh,,, is notafunctionof vaporflow

5 ow \73 . l 2 h7T3

(( V) ) _¢ g/nqﬁ) ¥ (C.49)
Sea | _ 30 o\ ™ 5((%5)™)
5 1175V (me+< ¢ ) )+¢'T (€59
02 N g/)-(lnqﬁ)Q how \ ™ hgi
o= S (e () e ) e

(Sch _ ¢ : (ln¢)2 ) how " ¢7f3 + ¢
=t (e () (550) oo

sofar, nosimplificationsareintroducedjnspectingrableC.1n; = 1.4 furtherisin the
rangeof 0.2 < ¢ < 0.7 givethat1.4 < £2+¢ < 1.9, further0.5mm < hyy < 3mm

¢73
(hweir = 30mm) suchthatneglectingtheterm "’df;;’“’ will nothave alargeinfluence.
Neglectingtheterm "5(;,;"’ leave uswith:
5Mcl ¢ (ln¢)2 h'ow ™
= (Ar+Ap) - p- ——— - | Hyeir C.53
sy = (e Ao)pe T % (€59
oMy é - (Ing)?
v~ Mar (C.54)

e dry pressurelrop: My,

dpd'ry =3 Pml- hdry : 10_3 (C55)
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ol P

hary = =5 - C.56
mn ° M v
iy - Yo 2 s
Pmv ~ Afree
My = Ap - pr - 2P0 (C.58)
g - Pmi
6Mdry . -3 (Shd"”y
S = Ap 1070 = (C.59)
. 51 Vi - MW, p
Mgy =Ap-p 103 = - (2 ) RN C.60
ary pp 002 (pmv : Afree) Pmi ( )
5Mdry _ Mdry
St li=2 % (C.61)
o M55 liquid heightdueto pressurelropunderdowncomer
Md,loss = AD P hd,loss (C62)
dp,loss =Pml 9" h’d,loss = _C * Pml - Uﬁc (C63)
Loy - M
Vge = —2—— 1 ¥ Wi (C.64)
Pml * Aapron
Lows - MW, \?
hd,loss = _g ) (tTl> (C65)
g Pmi * Aapron
5hd,loss _ hd,loss
5, V=2 (C.66)
oM, 0SS oh 0s$
5d£ lv=Ap-p - ((;2 v (C.67)
oM, 08s h 08s M 08s
Lo | = Ap-py -2 o — gl (C.68)

(5 L Lout L out
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e M,, liquid above weir

Mow = AT * P 'h'ow

Lout ) MI/VZ
how = 44300 -
(pml 0.5 Dweir
O My ONow

oL |V: TPl 5L \V

S how MW,
= 0.704 - 44300 -
oL ‘V 070 (pml -0.5- Dwei’r
oM, M,
ow — 0.704 - ow
5 ly=0.70 Lo

C.4 Summary: Hydraulic time constants

Listing thechangesn holdupasequvalentliquid heights

5 M, SM,
v = ( 5jy)L+( 5Vl)L

5MOSS 5M0w
L = ( 5; v+ ( 5, v
oMy, o Ohg,
s 2= Ap-p 1070 =2 |1
oM, 02
(Wl L= (Ar + Ap) - pr - (Wl )
5Md loss 5hd loss

5, v=Ap =g v

(C.69)

(C.70)

(C.71)

(C.72)

(C.73)

(C.74)

(C.75)

(C.76)

(C.77)

(C.78)
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My, 0how
5L \V= TP 5L |V (C.79)
Shar 0zc
Ty = pr - (AD 1072 - # L +(Ar+ Ap) - (Wl |L> (C.80)
5h 0SS 5how
T, = PL - (AD - ;’Il/ |V +AT . 5L |V> (C81)
— 4 Y t Ze
N ot (2422) - (e (C.82)
g Gl (e
in ourcase:Ar =~ 10 - Ap, mostinfluenceby 5’;‘{,”‘ and‘sggﬂ
expresshelinearizedtray hydraulicson a holdupbasisgive:
5Mdry Mdry
=9 .
s =2 (C.83)
oMy o (Ing)?
M, - .
% C (C.84)
5Md loss Md loss
2 =2— .
oL | Lout (C.85)
5Mow _ Mow
5T ly=10.704 - I (C.86)
My, ¢ - (Ing)?
=2 L M, T C.87
A% v + M Vi ( )
M 0SS MO’U}
7, =22 4 0,704 - (C.88)
out Lout

7L 2+ Mygess +0.704M,,, 'V,
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Applying theabove givenformulas,enablego estimatehehydraulictime constantgiven
in TableC.2. Thenecessargataarethedesgindataof adistillation column(givenin chapter
A) aswell asreflux andfeedflow, reboilerheatinputandtheir respectre perturbations.

TableC.2: Operationaparametersleterminedrom linearizedtray hydraulics

dim. Exp.1 Exp.2| Exp.3| Exp.4| Exp.5| EXxp.6

L ml/min 250.0 250.0/ 380.0/ 450.0f 470.0{ 470.0
AL ml/min 0.0 0.0| +52.8 -35.7| +88.4 0/0

F ml/min 250.0 250.0/ 250.0f 250.0f 350.0f 350.0
Qs kJ/s 3.75 3.6 4.5 5.4 5.79 6.45
AQRp kJ/s -0.45| +0.45 0.0 0.0 00| +1.58
Dbim mbar 21.9 20.6 26.0 32.0 35.3 54.6
K, m/s 0.0160| 0.0154| 0.0192| 0.0230| 0.0247, 0.0275
Howy mm 0.9163| 0.9163| 1.1141| 1.3202| 1.4290| 1.4290
Hey mm 10.1386| 10.4637| 8.9102| 7.7550| 7.3665| 6.6277
My mol 1.0383| 1.0749| 0.8777| 0.7245| 0.6685| 0.5853
Mo mol 0.1032| 0.1032| 0.1254| 0.1486| 0.1609| 0.1609
Mery mol 0.1605| 0.1479| 0.2311] 0.3327| 0.3825| 0.4747
Mipss 1073mol | 0.0581| 0.0581| 0.1012| 0.1639| 0.2052| 0.2052
OMey )0V S -10.9513| -11.4629| -8.8136| -6.9254| -6.2712| -5.3333
IMarys/6V S 3.5001| 3.3601| 4.2002| 5.0402| 5.4042| 6.0202
Moy /0L S 1.5891| 1.5891| 1.4638| 1.3629| 1.3183| 1.3183
OMipss /0L | 1073s 2.2635| 2.2635| 2.9878| 3.8027| 4.2554| 4.2554
o8 0.3074| 0.3182] 0.2599| 0.2145| 0.1979| 0.1733

Tit S 1.5914| 1.5914| 1.4668| 1.3667| 1.3225| 1.3225
Tyt s -7.4512| -8.1028| -4.6134| -1.8852| -0.8670| 0.6869

At 4.6822| 5.0916| 3.1453| 1.3794| 0.6555| -0.5194
Hopp mm 1.5272| 1.5272| 1.6902| 1.8659| 2.1564| 2.1564
Hyp mm 18.3793| 18.6182| 17.4453| 16.4803| 16.3245| 15.6246
Mywp mol 1.8973| 1.9242| 1.7738| 1.6454| 1.5951| 1.5163
Mowp mol 0.1719| 0.1719| 0.1903| 0.2101| 0.2428| 0.2428
Meryp mol 0.1605| 0.1479| 0.2311| 0.3327| 0.3825| 0.4747
Miss,p 1073 mol | 0.2479| 0.2479| 0.3306| 0.4370| 0.6605| 0.6605
M p/0V S -8.1108| -8.3594| -7.0565| -6.0912| -5.7450| -5.2334
IMryp/0V S 3.5001| 3.3601| 4.2002| 5.0402| 5.4042| 6.0202
IM oy p/0L s 1.2819| 1.2819| 1.2285| 1.1784| 1.1089| 1.1089
OMiossp/0L | 1073's 4.6768| 4.6768| 5.4012| 6.2160| 7.6341| 7.6341
op 0.5617| 0.5697| 0.5252| 0.4871| 0.4723| 0.4489

TLb S 1.2866| 1.2866| 1.2339| 1.1846| 1.1165| 1.1165
Tob s -4.6107| -4.993| -2.8564| -1.0511| -0.3408| 0.7868
Ab 3.5836| 3.8856| 2.3150| 0.8872| 0.3052| -0.7047
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C.4.1 Comparison: Experiment - Simulation

The behaior of vaporandliquid flows aswell asthe changesn holdupdistribution during
transientoperationwill be demonstrated Stepchangesn the manipulatedvariableswere
performedandtheresponsesf themodelsandtherealprocessarecomparedTheresponses
arerecordedor open-loopoperation.

The responseof vaporand liquid flows aswell asthe changesn holdup distribution
during transientoperationwill be demonstratedStepchangesn the manipulatedrariables
were performedandthe response®f the modelsandthe real processare compared.The
volumetric reflux and the heatsupplyto the reboilerare setmanually Figure C.2 shavs
the reponseof the productcompositionto a stepin reboilerheatinput (Experimentl, see
AppendixB for experimentaldata).

Thetemperatur@rofile of Experimentl with areductionin heatsupplyandtherigourous
modelis comparedn FigureC.3. Reasonablagreemenbetweersimualtionandexperiment
hasbeenfoundfor thetime interval 0 < ¢ < 200s, for increasingimesdeviationsbetween
simulationandexperimentis increasing.

« 10€0mposition response to step in reboiler heat input temperature profile over distillation column
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Appendix D

Multl vesselBatch Distillation,
Modeling aspects

D.1 Intr oduction

In this sectionmodelingaspectdor the simulationstudiesfor the evaluation multivessel
batchdistillation columnareconsidered.The modelappliedfor massandcompositionbal-
ancess presentedfurther, threedifferentmethodgo computethe tray temperaturehased
on the liquid compositionon the trays are considered.The chosenmethodsare: a) linear
temperatureurve, b) Clausisus-Clapgon approximationandc) the Antoine-equation.A
reasonableorrectcomputationof the temperaturas necessarysincethe propasedontrol
structureis basedon the assumptiorthat a uniquerelation betweenthe compositionin the
middle of a columnsectionandthe measuredemperaturexists.
Theherepresentegimulationsareperformedo allow for the comparisorof thesemod-
elsandto verify the applicabiltyof the choosertemperature-compositiomlation. Further
the basicdesignof a multivessebatchdistillation columnfor the separatiorof a four com-
ponentmixture consistingof methanolethanol,1-propanolandl1-butanolis presented.

D.2 Simulation model

D.2.1 Massand ComponentBalance

Themodelusedin the simulationss basedon thefollowing assumptions:

constantelative volatility

constanmolarliquid holdupson the stagegliquid flow dynamicsneglect)

constanmolarvaporflows V; (enegy balanceneglected)

constanpressure

constantray efficiengy (100%)
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e nggligible vaporholdup
e perfectmixing onall traysandin all vessels
e totalcondenser

Thedistillation columnis modeledasa stackof stageqcountedfrom thetop) asshavn
in FigureD.1. Notethatthevaporflow V' doesnot passthroughtheintermediatevesselso
thesedo not contributeto the numberof theoreticaktages.

The modelfor stagek in section; consistsof a materialbalancefor eachcomponeny
(M, is assumedonstant)

dx;
M, dZ’k = Li (Tjr-1—Tjr) +V WYjksr1 — Yjk) (D.1)
Thematerialbalancefor acondense(i = 1) is
d(M; x;;
% =V yjr,: — Li zj; (D.2)
andits massbalance
d M;
o (D.3)
For intermediatevesselg:)
d(M; x;;
( p Z31) =L xj_1;— Lz, (D.4)
14
with
d M;
- =L (D-5)

wherez; is thecompositionin vessel andz,_, ; is theliquid compositionat the bottomof
thesectionabove. Theliquid flow L; leaving vessel; is setby a controlvalve.
Thereboiler(i = R)

d(M; z;;
% =Li1xji =V yj (D.6)
t
where
d M;
‘=L, , — D.7
- L=V (D.7)

whereagainthevaporliquid equilibriumis describedy EquationD.8.

Theabove presenteanodelsof stage reboilerandcondenseof the multivesselcolumn
arereadily extendedfor a continuouscolumns by addinga feedto the stagemodel,aswell
asproductflow to condenserD;, andreboiler B;, respectiely.

Additional to componen{Eq: D.1), massbalancegEq: D.3), andvaporliquid equilib-
rium (Eq. D.8) equationgo computethetemperaturéhe boiling mixture arerequired.
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section i-1

b

L

section i

:
)

FigureD.1: Connectiorof traysandvesseldor multivesslebatchcolumn

D.2.2 Vapor Liquid Equilibrium

The vaporliquid equilibrium datawhich were usedto determinethe value of the constant
relative volatilites areshavn in FigureD.2. Fromthis plot, the relative volatilites givenin
equationD.13for the binary systemsaredetermined.

Thevaporliquid equilibriumisdescribedy

Kj yj lc/xjk
o g = = : : D.8
»H Ky ymx/Tmg (D-8)

whereH denoteghe heariestcomponentn themixture. Therelative volatilitesfor the sim-
ulationstudieswerechoserto o = [10.2, 4.5, 2.3, 1], thosedataarecloseto theexperimental
datapresentedn chapterd.

D.2.3 Thermodynamic model

For the computatiorof the boiling point of theliquid mixturethreealternatvesarechosen:
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Vapor-liquid equilibrium

o
o)

o
o))

o©
IS

o
N

vapor composition light component

0 ; ; ; ;
0 0.2 0.4 0.6 0.8 1
liquid composition light component

FigureD.2: Vaporliquid equilibrium of the binary systemamethanol-bitanol (o ~ 10.2);
ethanol-lutanol(a. ~ 4.5) and1-propanol-1-htanol(a ~ 2.3)

¢ linearcombinationof concentratiorandthe purecomponenboiling points
N,
T;' = Zl‘i’j - Tb,j (Dg)
j=1

whereT;, ; = [64.7,78.3,97.2,117.7)°C

e thetotal pressures computedrom Raoult’s Law for idealmixtures
Ne
Prot = i - pi(T) (D.10)
j=1

andtheClausius-Clapgronequatiorfor thepurevaporpressureg appliedto compute
boiling point of the mixture

AHyqp,j 1 1
sat () — _ P vap,j — D.11
pi(T) = exp ( R (T +273.15  Tp; + 273.15)) ®-1

with the gasconstantR = 8.314 kJ/kmlK, the heatof vaporizationof the compo-
nentsis choserto AH,,, ; = [35.0,38.7,41.2,43.14] k.J/kmol andatotal pressuref
Prot = 160 mmHg = 1013 mbar.

¢ thethird alternatve appliesRaoult’s law for the pressure&eomputatiorandthe Antoine
equationto determineheboiling temperaturesf the mixture
B

logio pi*(T) = A — T+0 (D.12)
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with

TableD.1: Antoineparameterdpor p = 1013mbar

| | A [ B [ C |
Methanol || 8.08927| 1582.271| 239.726
Ethanol | 8.11220| 1592.664| 226.184
1-Propanol|| 8.37895| 1788.020| 227.438
1-Butanol || 7.36366| 1305.198| 173.427

D.3 Comparisonsimulation models

Simulationmodelspresentedn sectionD.2 arecomparedo eachother

In the simulationswe consideran equimolarfeedmixtureszy = [0.25,0.25, 0.25, 0.25].
In all threepresentedimulations the initial (at¢ 0) vesselholdupis the same(/;
2.5 kmol) in all four vesselsandtheinitial compositionin all vesselss equalto thatof the
feedmixture. In all simulations,the vaporflow is kept constantat V/ 10 kmol/h. A
summaryof the columndesigndatais givenin TableD.2.

TableD.2: Summaryof columndataandinitial conditions

Numberof components N, = 4
Relative volatility a; = [10.2,4.5,2.3,1]
Numberof stagegersection N; = 11

Vesseholdups

Mi,O = 2.5 kmol

Tray holdups(constant) M, = 0.01 kmol
Totalinitial chage M,y = 10.33 kmol
Refluxflows Ly = 10 kmol/h
Vaporflow (constant) V = 10 kmol/h

For controlpurposewe appliedproportional-onlycontrollersAL = K. - (T; — Ts ;) + Ly
with control parametergiivenin Table D.3, the controltray is situatedin the centerof the
column. For simplicity the controllersetpointis chosento the averageboiling point of the
two components$o be separateih acolumnsection.

In TablesD.3 to D.6 the holdupandvesselcompositionsare presentedor simulations
performedwith threedifferentassumptionsoncerninghe computatiorof the mixture boil-
ing pointtemperatureln TableD.4 alinearboiling pointcurve is applied,whereasn Table
D.5 Raoults law andthe Clausius-Clapgron equationis used finally in TableD.6 the An-
toine equationis appliedto computevaporpressuref the purecomponentThetrajectories
presentedn FigureD.3to D.5 shawv thevesselcompositionga), impurities(b), holdups(c),
reflux flows (d) andtray temperaturege) asa functionof time.
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TableD.3: Datafor temperatureontrollers

Ts; [°C] | K. [°Ch/kmol] | Lo[kmol/h] | location*
TC, 71.5 -0.25 10 6
TC, | 87.75 -0.25 10 17
TCs 107.2 -0.25 10 28

* stage no. fromtop of column

TableD.4: Vesseholdupandcompositionstray temperaturesomputedwith linearboiling
point curve, final batchtime ¢, = 3.38 h

| | Vessell | VessePR | VesseB | VesseH |

Mlkmol] | 2.499 | 2.441 | 2538 | 2.522
T 0.993 | 0.019 0.0 0.0
T 0.007 | 0.963 | 0.041 0.0
x3 0.0 0.018 | 0.950 | 0.007
T4 0.0 0.0 0.009 | 0.993

Table D.5: Vesselholdup and compositions tray temperaturesomputedwith Clausius-
clapgron, final batchtime ¢, = 3.42h

| | Vessell | VessePR | VesseB | VesseH |

Mlkmol] | 2.495 | 2.444 | 2539 | 2.522
x1 0.993 | 0.020 0.0 0.0
T 0.007 | 0.962 | 0.041 0.0
Z3 0.0 0.018 | 0.950 | 0.007
T4 0.0 0.0 0.009 | 0.993

TableD.6: Vesseholdupandcompositionstray temperaturesomputedwith Antoine,final
batchtimet = 2.91h

| | Vessell | VessePR | VesseB | VesseH |
Mlkmol] | 2509 | 2.484 | 2515 | 2.492

x 0.991 | 0.017 0.0 0.0
T 0.009 | 0.954 | 0.033 0.0
Z3 0.0 0.029 | 0.950 | 0.005

T4 0.0 0.0 0.017 | 0.995
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(a) Composition profile, main component
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Figure D.3: Thermodynamianodel: linear boiling point curve: Vesselcompositions(a),
impurities(b), holdups(c), reflux flows (d) andtray temperaturege) asa functionof time
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(a) Composition profile, main component
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FigureD.4: Thermodynamienodel: Raoult’s law andClausius-Clapgron equation:Vessel
compositionga), impurities(b), holdups(c), reflux flows (d) andtray temperatureg¢e) asa
functionof time
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(a) Composition profile, main component
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FigureD.5: Thermodynamianodel: Raoults law and Antoine equation. Vesselcomposi-
tions (a), impurities(b), holdups(c), reflux flows (d) andtray temperature¢e) asa function
of time
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D.4 Designof the experimental system

Thedesignof thedistillation columnsfor thisinitial investigations basedn short-cutmeth-
odsfor the determinatiorof the numberof trays. Usually, short-cutmethodsare sufficient,
providedgoodapproximation®f therelative volatilities of thecomponentsreavailableand
themolarflowsin the columncanbeassumeaonstant.

The determinationof the numberof stagess possibleby two different methods first
basedon McCabe-Thielediagrams!, secondoy applicationof the Fensle equationto com-
pute the minimum numberof stagesn a column. For the first method,we have chosen
to combineimpuritiesto one pseudo-componentyheresby applying the Fensle method
only the main componentgresentn a columnsectionare used. For the experimentalde-
sign of the multivesselbatchwe specify the concentratiorin reboilerand accumulatorof
the main componento bein excessof e.g.. 96 %, furtherthe amountof imputritesin the
intermediatesesselss restrictedo a sumof 7 %. Further we specifythattheimpurity ratio
Tr—1/Tk+1 == 1. A summaryof the specifiedproductcompositiongor the columndesign
is givenin TableD.7.

TableD.7: Specificatiorof the productcompositiongor the pilot plantdesign

vessell vesselR vessel vesseld
composition| (M) xo(Ms) x3(M;3) x4(My)
> 0.96 > 0.93 > 0.93 > 0.96
impurities .TQ(Ml) ./Eimp(MQ) ximp(M3) .7)3(M4)
<0.04 < 0.07 % <0.07 <0.04
Irr:fztjigty x1 /w3 ~ 1 To/xy >~ 1
« the sumof impuritiesin vessek is definedasm, (M) = 11" a; + Y1209 ;

The numberof traysis determinedbasedon the McCabe-Thiele-metho{L925)for bi-
nary systemsassumingonstanmolarflows throughouthe columnandtotal reflux. Based
on binary vaporliquid equilibrium data(Gmehlinand Onken, 1977) the numberof theo-
retical stagesfor operationundertotal reflux is graphicaldetermined. In Figure D.6 we
presentexperimentaldataof the vaporliquid equilibrium of the binary systemamethanol-
ethano(MeOH-EtOH),ethanol-1-propandEtOH-PrOH)and1-propanol-1-btanol(PrOH-
BuOH). Basedon the McCabe-Thielediagramspresentedn Fig. D.6 we find that, under
total reflux condition,we needatleast12 theoreticaltagego fulfill the givenspecifications
2, Simultaneouslyfor the binary separation®f ethanol-propandd stagesarerequiredand

1The McCabe-Thielamethodis not a shortcut methodif it is appliedto a binary mixture, to facilitatethe
applicationof this methodwe introducedpseudo-components reducethe separatiorproblemto a binary
separationln columnsectionone,primary methanolandethanolareseparatedn vesselR a concentratiorof
approximatelyrp-orr = 0.05 is allowed, in the determinatiorof the numberof stagesve neglecttheseb %
andassumehatthe compositionof the vaporenteringcolumn1 to bein equilibriumwith theliquid holdupof
vessel.

2Notethatvaporis enteringthecolumnsectionstheintermediateresselsretreatecasmixing tankswithout
avaporliquid equilibrium
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for propanol-litanolatleast8 stageglusreboilerarenecessary.

Theoretical stages: MeOH-EtOH separation Theoretical stages: EtOH-PrOH separation
1 1
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Figure D.6: Numberof theoreticalstagesn a columnsectiondeterminedrom the vapor
liquid equilibriumfor total reflux.

An alternatve methodis the estimationof the minimum numberof theoreticalstages
basedon the Fensle-equation

ZT; j

assumingconstantrelative volatilties andtotal reflux. Introducingthe separatiorfactor S
(Shinsky, 1984):

(D.14)

3We roundedthe numberof theoreticaktageso the next higherinteger.
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Combineequationd.13andD.14 andapplydatafrom to adjacentvesselge.g.D andB) the
numberof stagesn a sectioncanbe computedrom

InS

an&i,j

NT:

(D.15)

Notethattheseequationsareoriginally developpedor abinary mixturein a continuougis-

tillation column,but is hereappliedto abatchcolumnseparatinga multicomponentnixture.
Theresultingnumberof stagesn eachcolumnsectiondeterminedy theMcCabe-Thiele

method(seeFigureD.6) andthe Fensle-equatioraresummarizedn TableD.8.

TableD.8: Relatvevolatilities of thefour componensystemandnumberof stagesecessary
for the givenseparatiorproblem

methanol- ethanol- 1-propanol-
ethanol 1-propanol | 1-butanol
relatve volatility «; j | o2 = 1.75 o3 = 2.15 a3q = 2.10
relative volatility a;; 4 | a4 = 7.90 oos = 4.52 a3q = 2.10

McCabe-Thiele Npy~ 12 Npo~8 | Npzgx=8+1
Fensle Np1~11.53 | Npo~8.56 | Ny~ 8.7

Themultivessebatchdistillationcolumnoperatesindertotal reflux suchthatthenumber
of stagesds readily givenfrom the vaporliquid equilibrium data(seeTableD.8), assuming
a (primary) binary separatiorin eachof the columnsectiongseeFig. D.6). Nevertheless,
the numberof trayshave to beincreasedespeciallyin the middle section,suchthatproduct
gualitiescanbefulfilled. Theassumptiorof binaryseparations valid for the columnssepa-
ratingthelightestandnext lightestaswell asheariestandnext heaviestcomponentsin the
intermediatecolumnsmorethantwo componentsrepresentsuchthatthe numberof stages
hasto beincreased.

Further the assumptiorregardinga lineartemperatureurve hasto bevalidated,in Fig-
ure D.7 experimentaldata(Gmehlinand Onken, 1977)and the computedtemperatureare
comparedDeviationsin temperaturdetweertheseto modelsat anequimolarcomposition
are ATy, = ZZNC zi - Ty — T = [1,2.2,1.7] for the binary systemsmethanol-ethanol,
ethanol-1-propanandl-propanol-1-btanol,respectrely.

D.5 Discussion

The constantrelative volatilites determinedrom the binary vaporliquid equilibrium data,
with referenceo the mostheary componentl1-butanol)areappliedin the simulationmodel
primarily to allow for a convenientmodelformualation(seeEq. D.8). One might argue
that the binary vaporliquid equilibria for the binary systemsMeOH-EtOH, EtOH-PrOH
and PrOH-BuOH shouldbe applied, as we usedfor the determinationof the numberof
traysin the column sectionsof the pilot plant. The binary vaporliquid equilibrium data
areq; ; = [O«’MeOH,EtOHa QEtOH,PrOH; aPrOH,BuOH] = [17, 2.2, 21], combinethesedata



D.5. Discussion 237

suchthatthe heaviestcomponents usedasreferencegive «; guon = (7.9, 4.6, 2.1, 1]. For
the simulationstudieswe appliedo; pyonr = [10.2,4.5,2.3, 1] whereall componentsare
directly relatedto butanol. It canbe seenthat the applicationof the two “set” of relative
volatilities will only have influenceon the split of methanol-ethanolThe differencewill be
in the shapeof the responsethe separatiorwill be slightly slower andfurtherthe purity of
the productwill belessfor a givennumberof stagedecausef the lower relative volatility
betweercomponetl ans2. Neverthelessgonsiderthe split of thesetwo componentsimply
by adjustingthe numberof trays the productpurity will increaseandthe batchtime will

decrease.
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FigureD.7: Comparisorineartemperature€ureto experimentadata

The above presentedgimulationsare performedwith differentproceduredo determine
theboiling pointof the mixturesalongthecolumn. Thelinearboiling curve assumptiommay
seemvery crude. However, comparisorof the simulationperformedwith this assumption
shawv only minor deviationsfrom simultionsperformedwith Raoult’s law for ideal mixtures
andthe Clausius-Clapgron equationfor the purecomponentaporpressureThe Clausius-
Clapgrron equationgive reasonableesultsof the vaporpressureelationover the tempera-
ture rangefrom the triple-pointto the critical point. For generalusethe Antoine-equation
is preferedto approximatethe vaporpressureelation. Neverthelessas can be seenfrom
theabove presentegimulationsonly minor deviationsexist betweernthethreemodels.The
controlledtemperatureesponsearecloseto eachother bothin shapeandtime.

Theconstanimolarflowsflow assuptionseesectionD, hasto becomparedo avariation
in heatof vaporizationin the orderof 20 % with respecto the heaviestcomponentimple-
mentationof anenegy balancen themodelwill have someinfluenceonthedynamicssince
avariationin the heatof vaporization,assumeddiabticoperation resultin a considerable
changan molarflowsthroughouthecolumn. Thiswill have someinfluenceontheduration
of the separationbut not on thefinal prodcutcompostion.Thefinal productcompositionis
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determinedrom thevaporliquid equilibrium. Thefinal batchtime of thesesimulationsvary
from¢; = 2.91 h (seeTableD.6to ¢ty = 3.42 h (seeTableD.5; minor deviationsarefound
for bothvessekompositionsandvesseholdups.

Thedesignof the columnbasedon the vaporliquid equilibriumof the binary systemss
asimpleandstraightforvardprocedureconsideringanidealmixture. Thenumberof stages
determinedy thetwo presentedanethodsarerathercloseto eachother

D.6 Conclusions

The resultsshav that the assumptiorof a linaer boiling point curve for temperaturecom-
putationgive similar resultscomparedto the more advancedsimulationsperformedwith
Rauolts law andthe Clausius-Clapgron equationor the Antoine equation.For simplicity,
the linear boiling point curve assupmtioris usedfor further simulations. The comparison
of themodelingassumptiongconstantelative volatilities andlinearboiling point) to vapor
liquid equilibriumandbubble-pointemperaturef theexperimentakystenshowv only minor
deviations,suchthatthe basicdesignof the experimentalcolumnpresentedn chapter4, is
madesimulationswith the datagivenin TableD.8.

For the presentedgimulationsthe dynamicsandcontrol of the multivessebatchdistilla-
tion columnareonly slightly affectedon the type of thermodynamiahosen.If the inves-
tigationsare directedtowardsthe designof a multivesselbatchdistillation columnwerea
lessideal mixtureis separatednorerigourousthermodynamicelationsshouldbeappliedto
determinghelengthof the columnsectionsfurtheroptimizationof the setpointsandvapor
andliquid flow shouldbe performedo achieze a minimum batchtime.

For furtherresearcltonsideringhe multivessebatchdistillation column,the following
orderof increasingcompleity in the simulationmodelshouldbe considered:

e Investigationn the start-upof the column:
A modelwith constantrelative volatilies, with eitherq; ;41 or a; g Will be sufiicient
to determinea start-upprocedurefor the column with respectto practicability and
minimumtime consumptionassumed ratheridealmixtureis considered.

e For optimizationswith respectto lessideal mixtures,the vaporliquid equilibroium
couldbedescribedy:

1. implementK-values,dependentn T andP
2. implementK-valuesdependenonT, p, z;, y;

e For investigationsconsideringthe applicationof the processor non-idealmixtures,
rigourousthermodynamicsvith mass,componentandenegy balancemodeledasan
UV-flashshouldbe considered.

The above presentearderof modelcompleity shouldbe appliedfor researchdirected
towardstheapplicationof themultivessebatchdistillation columnto separatenixtureswith
azeotropeandheteroazeotropesith the proposedeedbackcontrolstructure.
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Appendix E

Experiments: Multi vesseBatch
Distillation

In this chaptersomeof theexperimentperformedduringthedevelopmenbf themultivessel
batchdistillation columnare presented Theseexperimentswvere performedto develop the

multivessebatchdistillation columnfrom it’ sinitial designto working conditionsaswell to

improve the operationprecedureNote we presenbnly afew of the performedexperiments,
acompletdisting of experimentswvith themostimportantdatais givenin chapte#. Thepro-

cesgtself andtheoperatiorstratgiesarepresentegrevioulsyin chapted, theexperimental
setupis presentedn chapterA, we referto theseshapterdor moreinformation.

E.1 Experimentl

The experimentwas startedfrom an empty columnandall liquid collectedin the reboilet
Thetemperaturef thesystemwasT = 20°C, suchthatapproximately0.5h areusedto heat
up the reboilerchage andintroducevaporto the column. Reboilerduty at “steadystate”(
which is heredefinedas experimenttermination)for the experimentperformed28.norem-
ber1995is computedfrom a control signalu = 4 (40 % on) which correspondgo a heat
inputof @, ~ 350.J/s.

The experimentis performedwith Pl-controllers(K¢ = 4.5ml/minK, 7 = 3.5min)
to achieve offset free tracking of the temperaturen the columns. The PIl-controllerare
necessaryor aratherfaststabilizationof the controlledtemperatures the column.

As soonasvaporwascondensedhe controllersof the valveswereactivated(seeFigure
E.2, bottom),the initial increasen temperaturdorce the Pl-controllersto openthe valves
(t = 0.5 h) andclosethemassoonastemperaturestabilizes. The fastinitial temperature
increases causedy (primary) methanolvaporenteringthe column,beingcondensednd
regycledto thecolumn.

This procedurds chooserasaninitial operatiorstratey, vesselsarefilled up on start-up
andliquid is introducedto the columnsectionassoonasthe controllersareactivated. The
experimentwasperformedwith trackingof all setpointqT1.2,T2.2andT3.2)from thestart
andwithouta minimumreflux to the columnsections Thefinal productcompositionof this
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experimentis shovn in TableE.1, we seethatevenif the temperaturesetpointin column
section2 is achiered (seeFigure E.1) we do not achieve the desiredproductcomposition.
Thedesiredproductcompositionis in excessof x = 0.950f themaincomponent.

Initial feedcharge Analysis of final product composition

TableE.1: Initial feedchage

| component | | methanol| ethanol| n-propanol| n-butanol|
density kg/m? 791.4 789.3 803.5 809.8
molarweight | kg/kmol 32.04 46.07 60.11 74.12
AHﬁ’p K J/mol 35.0 38.7 41.22 43.14
volum l 0.4 0.53 0.64 1.2
holdup mol 9.88 9.08 8.55 13.11
composition 0.243 0.224 0.210 0.323

TableE.2: Final productcomposition
| component methanol| ethanol| n-propanol| n-butanol |

Experiment: 27. november 1995
Vessell 0.982 | 0.016 0.002 0.000
Vessel 0.012 | 0.960 0.021 0.008
VesseB3 0.003 | 0.041 0.924 0.032
Vesseld 0.001 | 0.002 0.050 0.947
Experimentl: 28. november 1995
Vessell 0.9693 | 0.0304| 0.0002 0.0000
Vessel 0.4258 | 0.5473| 0.0244 0.0025
VesseB3 0.0017 | 0.0480| 0.9432 0.0071
Vesseld 0.0015 | 0.0021| 0.0867 0.9098

Note: ExperimenD wasa training experimentto achieve samplegor GC-test
andfinal testof equipmentno datalogging during the experiment

Analysisof experimentO and1 shavsthatevenif all temperatursetpointsn thecolumn
sectionsaresatisfied,jt doesnot necessarilymeanthatalsothe compositionsn the vessels
meettheproductrequirementsThetemperaturg@rofile in columncorrespondso simulation
wherewe have an equalcompositionof the maincomponenof z > 0.9 in the vessels.On
contrary experimentl resultin aratio of MeOH:EtOH=1:1.

Problemsduring this experimentarisedueto the accumulationof an excessof lighter
component& accumulatoandintermediateresselsThereboilerwasalmostemptiedwhen
reflux (L,) wasregycledatt = 1.5 h. The stepin temperaturen vesselB att = 1.5h is
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dueto the mannervesseltemperatureontrolis performed,the heateris actvatedwhena
constanteflux flow is achieved.

The temperatureesponse@ vesselsl to 4 andin columnsectionl to 3 is shown in
figure E.1. We seethatthetemperatureontrol of the vesselss rathernoisy. Usethevessel
temperaturasindicationfor the compositionis correctfor a “primary” binary mixture, but
will give anon-uniquerelationcomposition-temperatufer a multi-componentnixture.

Themanipulatedrariablegeboilerheatduty ), andthesignalto therefluxcontrolvalves
is shavnin figureE.2. In FigureE.2we presenthemanipulatediariablesreboilerheatduty
Q» [kJ/s] andthereflux flow controlsignalsL; (in % time the solenoidvalve is open).

Discussionof experiment

Fromfigure E.2 we find at steadystatet > 4.5k the valvesareopenfor L, ; = 40%;
L, = 25%; L, 3 = 57% of theircycletime. Thisis L, ; = 0.7 L, 3 andL, 5 = 0.43 - L, .
From an estimationof the volumetricreflux flow, assumingconstantmolar liquid (L,,; =
L.,» = L,,3) andvaporflow V' in thecolumn(totalreflux operatiorat steadystate)we expect
to getareflux onvolumebasiswhichis

[ _ Pueom* Lyyeorn  prion * Ly pior  pprow * Lu pron E1
m,i - ( . )

Muyeon MEgion Mpron

We expectto have oneprimary componenandthusassumehatwe canneglectmixture
effectsandassumehattheflow regimesin all theevalvesareidentical. With the volumetric
flow of L, meon = L3 asbasiswe expectthat:

pveonr Mpron

Lv,PrOH = : Lv,MeOH (EZ)

ppror Myeon

Due to the similar densityof the componentsat boiling point pyseon/ppron =~ 1, by
neglectingthis influencewe canestimatethe liquid flow ratios.

Mp,
Ly =L, pron =~ MP on . Lyyvreor = 1.88 - Ly peon (E.3)
MeOH
M
Ly = Ly pron =~ MEtOH Ly meon = 1.44 - Ly peon (E.4)
MeOH

During start-upfrom a cold columnwe primary have light componentsn the column
sections(methanoland ethanol),thesecomponentshave lower boiling points. The final
productcompositionwill be wrongwhenonly the temperaturen the columnis obsened,
without observingthereflux flow ratio’s lighter componentill be accumulated/rgeledin
the lower sectiongthe reflux valvesareclosedinitially until holdupis establishedandnot
(asexpectedaccumulaten theuppervesselsThisregycling of light componenin thelower
columnsectionsenablegheimplementatiorof thetemperaturesetpointswith low volumet-
ric reflux flows, dueto thelow boiling point of the mixture.

Impr ovementof Experiments
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e Avoid floodingin the columnduring start-up,if the columnis (partially) floodedthe

separatiorefficiency will be reduced.Floodingtowardsthe endof the separatioris

causedy thechangingnoleculamweightof the mixturein thebottom.As composition
x4 increasesindthevaporflow is keptconstantthe columnwill beoverloadediueto

theincreasan molecularweight.

Vessel temperature
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FigureE.1: Temperaturgesponsesxperimentl

Flooding of the columnis mostlikely whenz, increasessincethe massflows are
extensve (Mp,or = 2 - Myeon), suchthatthe heatinput hasto be reducedover
the courseof the experiment.Furtherthe viscosityof butanol(component) is larger
comparedo methanol suchthatthe flow regimein the columnis changingdueto a
changan composition.

Oscillationsin liquid temperatur@ut of vessel® and3 is mostprobablycausedy the
chosersetpoint(shouldbe well belon boiling point of mixture). The setpointshould
be setto the averageof the columntemperatureabove andbelow the vesselduring
start-upto avoid local boiler. Towardsthe endof the separationthe setpointshould
besetsuchthatT,,; = T, — 1. Additionally detunetemperatureontroller lower gain
andincreasentegral time.

Oscillationsin temperatureof vessel2 are causedoy combinationof oscillationsin
reflux to columnsection2 andoscillationsin the heatinput to vessel3 aswell asthe
chosentemperaturesetpointin this vessel. Additional vaporis sendinto column 2
from vessel2 which resultin anincreasein temperatureat the sensorfor T », give
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anincreasen liquid flow from the vesselabove, suchthat morelight componenis
regycledto thecolumn. Thisin turnincreaseheamountof light componenin vesssel
B, sincetheboiling pointof thelight components lowerandthemixtureboiling point
temperaturan the vesseldecrease.The controllerwill try to keepthe temperature
constanandincreasehe heatinput. If we isolatethis effect, the positive feedbackn
thislop will resultin anunstableoperationsinceliquid will accumulaten the column
(simultaneougncreassen bothliquid andvapor).

This effectis similarto theinteractionsn a onepoint controlschemeof a continuous
distillation column (LV-control), where the productcompositionis controlledby a

temperaturesensorin the centerof the columnandreboilertemperature/composition
is keptconstant.

Reboiler duty

0 1 2 3 4 5
Valve position

0 L
0 1 2 3 4 5
time [h]

FigureE.2: Manipulatedvariables gxperimentl

e Oscillationsin temperaturdl; 5, L, and7’z matchratherwell from the frequeng of
oscillations,thusthereflux controllerhasto be detunedandthe setpointof the vessel
temperaturdasto be adjustedo avooid anintermediateboiler.

e Theincreasdn heary componentn thereboilergive anincreasan heatof vaporiza-
tion by approximately22 % overtime, if thevaporflow is assumedo be constan{on
a molar basis)we have to have a higherenegy input to the reboilerasz, increases.
Neverthelessthe effect of viscosityandmolecularweightenforcea reductionin heat
inputasbutanolcompositionncreases$o keepthe columnoperating.

The heatinput is reducedover time due to the fact that the temperaturalifference
betweenthe reboiler surfaceandthe reboilerholdup decreasever time. Adjustthe
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surfacetemperatureetpointsuchthat AT = T, rqce — T4 = const, thusby control-
ling the temperaturaifferencebetweerreboilerholdupandheatingelementsurface
we canadjustthe vaporflow.

1. Accordingto dataprovided by the vendor it shouldbe possibleto operateat a
reboilerduty of @5 ~ 500.J/s. Assumingconstanheattransfersurfaceandco-
efficient, we shouldbe ableto increasethe temperaturalifferenceatt — oo to
AT = 150°C. Previousexperimentsshovedthatthis correspondso anopera-
tion point closeto flooding. Temporaryincreasean reflux at this operationpoint
in the lowestcolumnresultin flooding.

2. Keepthe surfacetemperatureof the reboiler constant simultaneouslythe tem-
peratureinsidethe vessels changingwhich resultin a reductionin temperature
differencefrom heatingelemento vessel. Fromtheheatinput Qg = VAh,,, =
UAAT, weareactuallyreducingthe heatinputduringtheexperiment.Addition-
ally the heattransferzone (assumednner surfacecovert with liquid) decreases
which reducethe heattransferedo the system. This effect can be reducedby
changingthe controlstructureto controlthetemperaturelifferenceAT between
reboilerholdupandheatingsurface,insteadof controlling the surfacetempera-
turealone.

e Avoid accumulatiorof light componenin columnandemptyingthereboilerby setting
aminimumreflux.

1. Setconstan{minimum)volumetricreflux flow for all theereflux controllersand
build upthelevelsin accumulatoandintermediatevesseklonly, e.g: L1 =12 =
L3.

2. Userefluxflow controllerin thetop section(separatiorof methanobkndethanol)
to computetheflow basedon the temperatureneasurementDuring start-upwe
have primarymethanokndethanolin the column. Thustheliquid returnedirom
vessels above consists primary of light componentto remove the lighter com-
ponentsve haveto reintroduceheliquid into to thecolumn,andnotaccumulate
it for a considerablg¢ime (increaseamountof light componentjn therespectie
vessels. Light componentsaaccumulatedn the lower vesselswill increasethe
distillation time sincethe lighter componenwill be keptin the lower partand
not transportedowardsthe coumntop.

The volumetric flows from vessel2 and 3 are computedbasedon the amount
regycled from the accumulatar Basedon the theoreticalflows, we could use
L; = 1.88- Ly andL, = 1.44 - L3. Thisresultin a start-upproceduresimilar
to total reflux start-upof a corventionalbatchor continuouddistillation column
sincethe intermediatevesselsare openandonly a minor amountis kept back.
Advantagefrom this procedurewill be a more“controlled” establishingof the
compositionprofile over the column. Also will the accumulatiorof light com-
ponentin the intermediatevesselsbe reduced. Neverthelessthe filling of the
intermediatevesselswill requirethat we setthe minimum reflux flow ratio of
approximatelyl to achieze anaccumulatiorof liquid in theintermediatevessels
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Comparison experiment 1 and simulation
Differencesdetweerexperimentandsimulation:

¢ in simulationwe have distributedliquid evenly overthe vesselsandreboiler all com-
positionsareidenticalandliquid atboiling point, thisis we startthe column“hot”

e we starttheexperimentirom acold column,all liquid with atemperaturef 7' = 20°C
collectedin reboiler

e preheatefor liquid in vesselsarein operationaftera constantreflux flow is achieved

e PIl-controllersin experimentwherethe integral time is increasedastime increases,
final integraltime 7; = 20 min.

We primarily redistritute liquid insidethe columnaccordingtheir boiling points. The
maximumachievablesteadystatecompositionin thevesselss determinedy thenum-
ber of stagesn eachsection. The split betweencomponentgpseudo-binarylower
than maximumachievable concentration)s determinedby the choiceof setpointin
the columnsectionbetweervessels.Increasehe setpointwill reducethe amountof
light componentn thelower vesselandsimultaneouslyncreaseéhe amountof heary
componentn thevessekbbove the sensotlocation.

TableE.3: Comparisorexperimentandsimulationat final steadystate

| | Experiment | Simulation |
composition 0.243\ 0.224\ 0.210\ 0.323 0.25\ 0.25\ 0.25\ 0.25
initial chage 40.62mol 10.33kmol
vaporflow 27.23mol/h 10kmol/h
boilup 1.49h 1lh

Note: Thevaporflowin theexperiments computedvith an average
heatof vaporizationof Ah,,, = 40k.J/mol

Impr ovementson experimental procedure

e Controlstrategy changeduchthatminimumreflux 2 and3 aredependentnthereflux
to columnsectionl, choserasdefault Ly i, = 0.8L1 andLLs i, = 0.8L4

e Thepositionof temperatureaneasuremenh vesseldhasbeenmovedto the pipe con-
nectingvesselandcontrol valve to give more stabelmeasurementf the liquid tem-
perature

e Temperaturesetpointto the auxiliary heatersreducedto reduceposibility of an in-
termediatereboiler the heatingtapesare only usedto compensatdor possibleheat
losses.
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E.2 Experiment 2,06.decemberl995

Experimenperformedat06.decembet995with aaheatinputof @, ~ 450.J/s. Experiment
performedwith “0.8 * total reflux” during start-up,reasonfor this is to establishsimulata-
neouslya compositionprofile over columnandthe vesseholdups. Refluxis out of vessels
is necessaryo ensurethatlight componentare carriedtowardsthe columntop andnot be

accumulatedn theintermediatevessels.The policy would be slightly differentif the vapor

waspassinghoughthevesseholdupandnotaswe build it is bypassed.

Experimental procedure
Thereboilerwasfilled with approximately2 | of analcoholmixture containingmethanol,
ethanol n-propanobndn-butanol. The entiremixturewasfed to thereboiler Thecontroller
of thereboilerwasactivatedandthe mixturewasheatedup. Vaporrising thoughthe column
is condenseth thecondenseandaninitial amountof approximatelyl00ml is accumulated
in vessell, reflux from vessell to the uppermostolumnis introducedassoonasliquid is
available. Whenthe temperaturen the centerof sectionl (75)is closeto the chosenset-
point, the controlleris placedin automatic.The minimum reflux from reflux controlvalves
L, andLs3 is setin relationto theflow computedy thecontrollerwhich controlsLZ,. During
start-upwe chosea minimumflow of 80 % to ensurethatliquid holdupis build-upin vessel
2 and3. The preheatenf the vesselsvhich compensatéor heatlossareactivatedassoon
asliquid is accumulatedthe setpointof the preheatercontrol arechosento be closeto the
temperatureneasurean top of eachcolumnsectionbelow thevessel.

Whenthetemperaturén the columnsectionapproachetheir setpointthe controllerare
activated. The controllerwhich setthe reflux to the lowestand uppermostolumnsection
can be activatedratherearly The temperaturesetpointsare chosento be the arithmetic
averageof the expectedcomponentsoiling points being separatedn the columnsection.
The controllerfor L, is placedin automaticwhenthe columntemperatureat thermocouple
T2.2 is in excessof 81°C'. Later we adjustthe setpointof this controllerslowly until we
achieve atemperaturef 87.75°C.

During start-upof the columnprimarily methanols evaporatecandaccumulatedn ves-
sel 1. The reflux introducedto columnsectionl is accumulatedn vessel2 suchthat a
ratherhigh concentratiorof methanolin this vesselis obsened. Regycle this liquid back
to columnsection2 reducegemperaturen this section(dueto the low boiling point of the
accumulatednethanol)which in turn reduceghe reflux to the sectionsuchthat morelight
components accumulatedh vesseR. This problemof accumulatingnethanoin vesseR is
effectively avoidedby adjustingthe minimumrefluxto columnsection2 basedn thereflux
in columnsectionl. We introducelight componentso thecolumnwhichis thentransported
upwardsthroughthe column. After stablizingof the temperaturehe setpointof the reflux
flow controlleris adjustedin stepsof app.0.5C) until the desiredsetpointis reached.

In Figure E.3 and E.4 the temperaturgesponsesn vesselscolumnsections,reboiler
heatinputandreflux flow areshavn.
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Temperature response
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FigureE.3: Temperaturgesponsesxperiment2
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FigureE.4: Manipulatedvariables gxperiment2
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Composition Analysis

At the start of the experimentthe liquid wasfilled to the reboiler (vessel4). The initial
composition(t = 0.0h) andthecompositionn thevesselasafunctionof time arepresented
in TableE.2.

TableE.4: Productcompositiongxperiment2
| component | methanol| ethanol| n-propanol| n-butanol |

time=0.0h
M4 Vessel 0.2667 | 0.1783| 0.1548 0.4002
volum[ /] 0.5 0.5 0.55 1.70
holdup[mol] 12.35 8.57 7.35 18.57
time=1.04h
M4 (reboiler) Vessel 0.1005 | 0.1432| 0.1943 0.5620
M3 Vessel3 0.3497 | 0.3164| 0.2370 0.0969
M2 Vessel 0.4223 | 0.4487| 0.1276 0.0015
M1 (accumulator)  Vessell 0.8609 | 0.1368| 0.0022 0.0001
time=2.04h
M4 Vesseld 0.0016 | 0.0123| 0.1250 0.8612
M3 Vessel3 0.0362 | 0.2942| 0.6480 0.0216
M2 VessePl 0.2001 | 0.7848| 0.0151 0.0
M1 Vessell 0.9029 | 0.0969| 0.0002 0.0
time=2.44h
M4 Vesseld 0.0 0.0009| 0.0818 0.9174
M3 Vessel3 0.0049 | 0.1464| 0.8340 0.0147
M2 Vessel 0.1430 | 0.8334| 0.0236 0.0
M1 Vessell 0.9232 | 0.0768 0.0 0.0
time = 3.44h
M4 Vessel 0.0 0.0004| 0.0679 0.9317
M3 Vessel3 0.0 0.1133| 0.8769 0.0098
M2 Vessel 0.1191 | 0.8609| 0.0201 0.0
M1 Vessell 0.9408 | 0.0592 0.0 0.0
time =5.09h
M4 Vessel 0.0 0.0 0.0662 0.9338
M3 Vessel3 0.0 0.1073| 0.8836 0.0091
M2 Vessel 0.0932 | 0.8856| 0.0212 0.0
M1 Vessell 0.9399 | 0.0601 0.0 0.0
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E.3 Experiment 3,22. march. 1996

Theseexperimentwere performedafter a retrofit of the column. Considerablencreasen
productpuritieshasnotbeenachiared, sincethe columnlenghtis only increasedy 40 mm.
On problemwhich waspresentarlierwasthe amountof vaporcondensingn the column
wall dueto heatlossesjncreasingof theinsulationfrom 30to 60 mmreducedhis problem.

Thereboilerheatinput was controlledby keepingthe differentialtemperaturdetween
reboilersurfaceandliquid holdupconstant.Initially the differentialtemperaturevassetto
T, = 250°C andhasbeenchangedyraduallyto A7 = 150°C asbutanolconcentratiorin-
creasedn thereboiler Thefinal temperaturelifferences rathercloseto the operationlimit
of thecolumnandcorrespondso a heatinput of approximatelya00W. Note, no datawere
loggedduringthe experimentperformedon 18. march1996.

Experimental procedure

All liquid initially in reboiler

Pl-controllersin automatiowith K¢ = 5ml/minK, 7 = 12min

Minimum refluxflows: L i, = 1.2L1; Lg ypin, = 1.1L4

After heatingupthereboilerhldup,thedifferencebetweernreboilerholduptemperature
andreboilersurfaceis reducedrom AT = 250 to 140 ~ 160°C

In FigureskE.5to E.6thetime responsesf experimentExperiment3 areshovn. At timet =
1.5h thelower columnwascloseto flooding, to preventthe flooding andforce the system
backto normaloperationthereflux controllerof this sectionwastemporarilyplacedin man-
ual. Simultaneouslythe reboilereffect wasreducedby adjustingthe setpointto the heater
controller At t = 1.6 h flooding hasstoppedandthe controllerwas placedinto automatic
again. We seethatthe controlleradjustreflux L; ratherfastto a constantvalue. At t = 4.9
h productsamplesaredrawn for off-line analysis.Thedistillation processvasoperatedor
approximatelytwo morehoursto investigataheinfluenceof thedistillation time on thefinal
productcomposition.

Thetemporaryreductionin reflux flow L, att = 1.4 h wasnecessargincethe column
startedto flood in section3. After flooding hadstoppedthe reflux controllerwasplacedin
automaticagainandstabilizedthetemperaturén section3 atthe givensetpointof 77 5 s, =
107.5°C. Thetemporaryflooding of the columndidn’t have a noticeableinfluenceon the
final productcomposition(seeTableE.5)

Thefinal productcompositionggivenin TableE.5 bottomshaow thatthe compositionin
vessel® and3 att = 7.5A is similar to the compositionmeasureatt = 4.9h. We have a
slightincreasan impurity in vessel2 and3. The disturbanceaddlight componentgo the
lower partof thecolumn,which have to bemovedupwardsthroughthe column. Theamount
of light impuritiesis increasedn vessel<C, while in vesselB boththe amountethnaoland
butanolis increased.
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FigureE.6: Manipulatedvariables gxperiment3
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TableE.5: Final productcomposition
| component methanol| ethanol| n-propanol| n-butanol|
Experimentl8. march.1996,t =4.5h

Initial feed| 0.250 | 0.188 0.190 0.372
Vessell 0.962 | 0.030 0.007 0.001
VessePR 0.062 | 0.906 0.028 0.004
Vessel3 0.017 0.041 0.910 0.032
Vessel 0.011 | 0.018 0.050 0.921
Experiment3, 22. march.1996,t =4.9h

Initial feed| 0.201 | 0.153 0.211 0.435
Vessell 0.976 | 0.017 0.006 0.001
VessePR 0.040 | 0.915 0.045 0.001
VesselB 0.011 | 0.054 0.926 0.009
Vessel 0.001 | 0.002 0.087 0.910
Experiment3, 22. march.1996,t = 7.5h
Vessell 0.985 | 0.011 0.003 0.001
VessePR 0.063 | 0.909 0.028 0.001
VesselB3 0.008 | 0.065 0.912 0.015
Vessek 0.001 | 0.001 0.070 0.928

Fromthe analysisof theseto experimentswve seethatthefinal productcompositionsn
the vesselsaresimilar evenif we startfrom to differentfeedcompositiongaddedl-PrOH
and1-BuOH).

Remarks on experimentsfrom 18. and 22. march 1996

e Frequentobsenation of flooding of the columnsnecessarywherecolumnsection3
(bottom)is mostexposedto flooding becaus®f theincreasen molecularweightand
viscositywith time, causedy theincreasen butanolconcentration

e Condensatiomn the columnwalls wasconsiderablyeduceddueto extrainsulation

e Detuningof thevessebpreheatingeducedscillationsin columntemperature

E.4 Experiment4,03. april. 1996

In experiment4, the liquid feedwasdistributedover the column, 1.5 liter addedto the re-
boilerand500 ml werefilled into eachvessel.The experimentaprocedurevasasfollows:

e Setpointfor differentialtemperaturan the reboilerwas setto AT = 130°C after
start-up.
e Reboilerandpreheatersvereactvatedsimultaneously

e Refluxto columnsectionl was controlledmanually reflux flows L, and L; areset
equalto L, to ensurehatthereboilerandnoneof the vesselsun dry andoverflow of
intermediatevesselss avoided.
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e Refluxcontrollersetinto automaticapproximatelyl h after start-up

| | K¢ [mi/minK] | 11 [min] |

L, 3.5 10min
L, 4.5 12min
L, 35 10min

e Ratherslow settling of columntemperaturel; 5, the temperaturevas considerable
below the setpoint,indicatingto much ethanolin this section. The setpointfor the
temperatureontrollerof vessel3 wasincreasedrom 95 to 97°C' to remove ethanol
from vesselintermediateeboiler)

Thefinal productcompositionproductcompositionsarepresentedn TableE.6

TableE.6: Final productcomposition gxperiment4
| component methanol| ethanol| n-propanol| n-butanol|
Experiment4, 03. april. 1996,t = 6.8h
Initial feed | 0.2656 | 0.1908| 0.1984 0.3452
Vessell 0.9927 | 0.0061| 0.0010 0.0001
VessePR 0.0863 | 0.9066| 0.0062 0.0009
Vessel3 0.0202 | 0.0594| 0.9190 0.0012
Vessel 0.0019 | 0.0093| 0.0528 0.9360

Vessel temperature
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T2
' T1 |
3 4 5 6
Column temperature
T3.2
100f T2.2
G 8o -
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FigureE.7: Temperaturgesponsesxperiment4
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FigureE.8: Manipulatedvariables gxperiment4

Remarks on experiment4

e Carehasto betakento avoid drainageof reboilerandoverflov of vesselsabore —
manualcontrolof reflux during start-up

¢ Purificationof productsslightly slowercomparedo start-upfrom emptycolumnwere
all feedis addedto thereboiler

e Subcoolediquid enteringhecolumnfrom thevesselsvill decreaséemperaturevhich
inturn forcethetemperatureontrollerto decreaseeflux (positv feedback).

e Processonsiderablymoredifficult to performstart-upfrom a columnwereliquid is
distributedcomparedo startfrom emptyvessels

E.5 Experiment 7,04. october. 1996

Figure E.9 shaw the resultsfor experiment7. From Table 4.1 we seethat the amountof
the two intermediatecomponentss much lessthanin experiment12, suchthat a rather
low holdupin intermediatevessel®2 and 3 are expected.Due to the large amountof light
componenttemperaturd in theuppermostolumnsection(seeFigureE.9, b) wasinitially
solow thatnorefluxwasregycledto thecolumn. To avoid drainingof thereboilerandensure
separationreflux wasthereforesetmanuallyat 25 ml/min in the time interval 0.0 < t <
0.3 h (seeFig. E.9d).
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FigureE.9: Temperatureesponses vesselqga), in columnsectiongb), reboilerheatinput
(c) andvolumetricreflux flows asfunctionof time recordedrom experiment7

The decreasén temperaturen section2 (7;) andsection3 (73) at0.1 < ¢ < 0.5, indi-
catesthatconsiderablemountof light componentaiccumulatedn theintermediatevessels
during start-up,the manuallycontrolledreflux flow returnedthe lighter componentgo the
columnsectionsuchthatthesearefinally accumulatedn the columntop .

INote,thatin theperiodfrom 0.5 < t < 1.5h thetemperaturesf vessell/ 2 andM 3 arecloseto thesteady
statetemperatur®f vessell at¢t > 8h
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In theperiod2 < t < 4h vessel2 wasempty suchthatcontrolon temperaturel; was
lostandtemperaturd; increasedTheexperimentadatashav thattheliquid flow Ly > L,
however sincevessel wasemptywe have to have L, < L, onvolumetricbasis?. Insuffi-
cientreflux flow allows heavier componento enterthe columnsectionsandaccumulaten
vessel and3, respectiely. Thetemporaryaccumulatiorof hearier componentn vessel
and3 is indicatedby the simultaneousncreasan vessetemperature$' A2 and7T M 3. Due
to insufficient separatiorduring the period2 < ¢ < 4h, considerablemountof time was
usedto establishstableflows and holdupsin the column. The experimentwas performed
without operatorintervention,after establishingconstantreflux flows the columnwasoper
atedfor threemorehoursandsamplesof the productswerewithdravn andanalyzed.

E.6 Operation with threecomponents

The flexibity of the multivesselbatchdistillation columnwasinvestigatedoy reducingthe
numberof component$rom four to three,componentpresenaremethanol ethanoland1-
butanol. Further openingtherefluxvalve of vesseB, liquid is notaccumulateéndacolumn
twice aslong asthe designis achieved (consistingof two sections).This sectionconsistof
approximatelytwice asmuchstagessuchthatseparatiorethanol/1-bitanolwill improve.

Setpointfor butanol/ethanosplit is setsuchthatthermocouplén secondcolumnsection
is for control purposesThisthermocouplés placedin the middle of column2 , suchthat75
% of columnlength(entirecolumn3 andhalf the column2) arebelow thislocation. Assume
a linear temperatureorofile betweenethanoland butanolresultsthat 75 % of the required
temperaturehange(temperatureifferenceAT = T, p,or — Th,mion = 39°C hasto be
completedat this position, thus the temperaturesetpointis setto 7, , = 88.5°C'. During
startupthis setpointwill ensureratherfastaccumulatiorof light componentsn the column.
The start-upis performedwith all liquid addedo thereboiler

Analysis of final product composition

TableE.7: Final productcompositionthreecomponents26.april. 1996

| component methanol| ethanol| n-butanol |
Experiment®20426. april. 1996,t =6.5h
Initial feed | 0.4114 | 0.2853| 0.3033
Vessell 0.9961 | 0.0029| 0.0010
Vessel 0.0003 | 0.9500| 0.0497
Vesseld 0.0001 | 0.0376| 0.9624

As canbe seenfrom the productcompositionpresentedn TableE.7, the split between
methanolandethanolhasimproved considerably Improving the split betweenethanoland

2Note: the reflux flow is estimatedbasedon the control signalto the solenoidvalve, during time interval
2 h <t < 4 h, thevolumetricflow L, cannotbegreaterthanthereflux from column1 which entersvesseP,
seeFigure4.1
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butanolwould be possibleby reducingthe setpointof the temperaturecontroller Never-
thelessthe experimentshaved that the reductionin numberof componentss feasible,by
just“recalculating’thetemperatureontrollersetpoint.Onthecontrary whenincreasinghe
numberof components feasibleoperationprocedurearestill to be found.
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Abstract The flow dynamics(tray hydraulics)are of key importancefor the initial dynamic
responsef distillation columns.The mostimportantparameteraretheliquid holdup,theliquid
hydraulic time constant,and the constantrepresentinghe effect of a changein vapor flow on
liquid flow. In the paperwe presentmethodsfor determiningtheseparametergxperimentally
and comparethe resultswith estimatesfrom available correlationssuch as the Francis Weir
formula.
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F.1 Intr oduction the processis of crucial importancein the
modelingprocess.For control purposeghe
mostimportantfeatureof amodelis to match
the dynamic responseat times correspond-
ing to the desiredclosed-looptime constant.
This meansthat if the dynamicmodelis to
be usedfor evaluatingandtuning the “f ast”

The objectve when derving a model is to
make it as simple as possiblewhile at the
sametime matchingthe dynamicsof thereal
system. The estimationof the dynamicpa-
rameterswhich determinethe behaior of

1Author to whomcorrespondencshouldbe addressed,
phone:+47 7359 4154, fax: +47 7359 4080
E-mail: skoge@chembio.ntnu.no
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Response

loopsonadistillation column(pressurdoop,
level loops, temperatureprofile “stabiliza-
tion”) wherethetime constantsarein the or-
der of a few minutesor less, then a good
modelfor theinitial responseés requiredand
accuratesteadystate behaior may be less
important.

Simplified modelswhich simplify or ne-
glectflow dynamicqtray hydraulics)anden-
ergy balanceareoftenusedfor studiesof dis-
tillation columndynamicsandcontrol. How-
ever, the applicability of suchsimplemodels
for this purposas oftenquestionedby practi-
tioners. This critiqueis indeedreasonablas
oneknowsthatthetray hydraulicsarecrucial

Open-andclosedoop experimentunderau-
tomatic control were performed,additionaly
a linearizeddeviation modelwere presented
and comparedto the recordedtransientre-
sponsesPerforateglateshave beenusedex-
tensvely for liquid-vaporcontactingn distil-
lation columns datafor platedesignhasbeen
publishedby e.g. Stichlmair (1978), Perry
(1984) and Lockett (1986). Key parameters
ase.g.. weeping,flooding and efficiency of
sievetray areinfluencedoy the pressuralrop
which in turnis dependenbn liquid andva-
por flow aswell asthetray design.

A detailed overvien on recently pub-
lishedliteraturein thefield of dynamicsand

in determiningthe initial dynamicresponse control of distillation columnsis given by

which is of key importancefor control. Al-

thoughthe essentialdynamicsof a distilla-
tion columncanbe obtainedfrom simplified
models,the introductionof realisticand ac-
curatehydrauliccalculationsallows to study
the operabilityof a givensystemandthede-
sign and evaluationof complex control sys-
tems.

In the paperwe considerdetailedmod-
elsof thetray hydraulicsandusetheseto de-
rive expressiondor parametershat charac-
terizetheflow responseThe mostimportant
parametersiretheliquid holdup A, the hy-
draulictime constantr;, the parameten (de-
noted K, by mary authors)for theinitial ef-
fect of achangan vaporflow onliquid flow,
thefractionof vaporonthetray andthepres-
suredrop. Thesekey parameterarealsode-
terminedfrom experimentson our lab-scale
column. Thefinal goal of thesestudiesis to
seehow detailedadynamicmodelof adistil-
lation columnshouldbe in orderto be used
for controlpurposes.

The literature on distillation dynamics
is extensve so only a short overvien will
be given. In terms of experimental re-
sponsedor tray columnswe only mention
the work of Baberet al. (1961, 1962).

Skogestad(1992). The surwy includesthe
descriptionof distillation modelswith rigor-

ous and linearizedtray hydraulicsanda re-
view of widely usedsimplifications. Rig-
orous models for distillation columns for

nonlinearsimulationsaredevelopedby e.g.:

Ganietal. (1986)andRetzbach1986).The
work of Ganiet.al. is focusedon the devel-
opmentof a generaldynamicmodelinclud-
ing tray hydraulicsandaccurateredictionof
the physicalpropertieswhich is numerically
robust. Furtherthe influenceof the simpli-

fying assumptiorwasinvestigated.The rig-

orousmodelof Retzbachs primarily devel-
opedfor the nonlinearsimulationof a multi-

componentmixture in a distillation column
with side stripper The tray hydraulic mod-
els appliedby Retzbachare extensvely de-
scribedby Stichlmair(1978).

The paperis divided into 5 part. We
presenta detaileddescriptionof the rigorous
stagemodelin section2. The liquid holdup
is divided into liquid on the sieve tray and
downcomer The dynamicmodelis imple-
mentedn the SPEEDURsimulationerviron-
ment(1992)with alink to the ASPENPROP-
ERTIES PLUS databasefor thermodynamic
propertieg1988). The third partdealswith



F.2. Tray Modeling

261

linearizedtray hydraulicswhich simplify the which matchthe performedexperiments.

dynamic model considerably In the fouth

sectionwe presentdifferent methodsto de-

terminehydraulicparametersvhich describe
the dynamicbehaior of the system. These
methodsarebasedn experimentonourlab

scalecolumnor developedbasedon therig-

orousstagemodel. Finally the resultsof the
differentmethodsare comparedand conclu-
sionsarepresented.

F.2 Tray Modeling

Tray models basedon first principle con-
sist of a large numberof differential alge-
braic equationsvhich may be solved simul-
taneously Simulation of a stageddistilla-
tion werethedynamicdgs describedrom first
principleswill enablea thoroughinvestiga-
tion of the tray hydraulics. Changesn col-
umndesignwill influencethe distribution of
liquid onthestagesandchangehetime con-
stantsof the system.A deepelinsightin the
hydraulicsof astagewill reducethepossibil-
ity of designinga distillation columnwhich
is inherentlydifficult to control.

F.2.1 RigorousTray Model

In the rigorous model implementedin the
SPEEDUPsimulationseachstageis divided
into two liquid holdups (tray and down-

The designof a typical stagein a distil-
lation columnconsistingof sieve tray, down-
comer inlet andoutletweir is shovn in Fig-
urek.1.
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FigureF.1: Typical designof a stageddistil-
lation columnwith sievetray anddowncomer

Assumptions. The total holdup of the
tray consistof liquid andvaporholdup.Ac-
cordingto the geometryof the interior of the
distillation column, seeFig. F.1, the liquid
holduponastageds dividedinto liquid onthe
active tray areaandliquid in thedowncomer
Thefollowing assumptionaremade:

comer) and one vapor holdup. Separated R1 two-phasesystemin thermaland me-

massandenegy balancedor tray anddown-

comeraresetup. The holdupsarecomputed
from themassbalancestheflows leaving the

tray are determinedfrom hydraulic correla-
tions with pressuredrop over the stageas
driving force. The thermodynamigproper

ties of the componentsre calculatedoy the
ASPEN PROPERIIES PLUS (1988) pack-
age.Themaindifficulty in thesesimulations
wasto find the steady-stat®peratingpoints

chanicalequilibrium

R2 perfect mixing in vapor and liquid
phases

R3 no heatlossedo the surroundings
R4 no heatof mixing

R5 temperaturedynamicsof the column
structureis neglected
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Consenration of internalenegy andconstant a

volume of the systemimplies that the flash My = Zl Mac, (F7)
calculationis solvedasan UV-flash. =

Material and Energy Balance The bal- the componenbalance:

ances presentedare used throughout the

whole distillation model, somemodification

are madefor the reboiler and accumulatar Maci = M- Tour (F.8)

The mathematicabktatesare the component

holdup M (bothin vaporandliquid phase) theenegy balanceof thetray

on the stageandthe internalenegy. An in
depthoverview of theseequationss givenin
Lockett (1983)andStichimair(1978).

Thefollowing setof equationss valid for
a tray without feed, side drav and external
heatingor cooling.

dM;
Wz = Vin * Yini + Lin * Tini —

Vout * Yout,i — Ly - Tt (F-l)

The holdup of componenti on the tray,
thisis liquid onthetray andvaporabove tray
anddowncomers

M; = My - 245 + My - Your s (F.2)

Thetotalmolarholduponthetrayis givenby

EH:M:Mt'i'Mm

i=1
Theenegy balanceof thetray
dU;

dt

(F.3)

V;n ) hv,in + Lm ) hl,in -

‘/out ) hv,out - Lt ) hl,t (F4)

Udc

dt = Lt : hl,t - Lout : hl,out

(F.9)

and the total internal enegy of the down-
comer

Uije = My - hl,uut (FlO)
werewe negglectthe pressurelependenpart.
Note that thereis no flash calculationper
formedonthedowncometholdup.Thevapor
compositionis in equilibrium with the lig-
uid on the tray andthe vaporvolumesof the
tray and downcomerare combined. Due to
this assumptiora vaporflow from the down-
comerto thetray canbe neglectedsuchthat
the overall systemis somavhat simplified.
Due to the assumptionthat the pressureis
identical,bothin theliquid phaseof thetray
and downcomeras well asthe vapor phase
the computationof the molar densityis sim-
plified.

Holdup Distrib ution. Theliquid andva-

wherethe total internal enegy is described POrmolarholdupastages relatedo thetotal

by

p
—)+
pv)

Ml ' (hl,out - 2) (F5)
P

Ut = Mv : (hv,out -

A similar setof equationsis appliedto the
downcomematerialbalance:

(F.6)

- Lout,i * Louti

tray volumeV; by:

Vi=M/p+ My/py + Mg./p0  (F11)
The molar volume of the liquid on the tray
M; andin the downcomerM,,. is computed

by

Mt = hcl : Aactive *PLt (F12)
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and

Mdc = Mcl + Mdry + Mseal =
((hcl + hdry + hloss) :

- vy

hdc

Ade + Vieat) - pra (F13)

where V., is the volume of the down-
comerseal. We assumeno bubblesin the
downcomerso hy, is the heightof clearlig-
uid. The pressuredrop over the downcomer
(Perryet al., 1984)from the surfaceof the
liquid exiting the downcomerto the surface
of thedowncomerlevel is identicalto the to-
tal pressuredrop, Ap, over a plate (seeEqg.
F.20). The height A4, is computedfrom
the’dry’ pressuredrop over the holesof the
tray (seeEq. F.23). The flow underthe
downcomerapronis modeledby an nonsta-
tionary Bernoulli equationwhich considers
lossesdueto friction andacceleratiorof the
liquid underthedowncomerapron.

Vapor-Liquid Equilibrium. The ther
modynamicequilibrium of vaporandliquid
is definedby

(F.14)

Yeq,i = Kz * Lout,i

with a K-valuedependenon z,y, T, p. The
compositionof the vaporleaving the tray is
computedby the Murphreetray efficiency
coeficient

_ Youti — Yiny

N=——""> (F.15)

yeq,i - yin,i

with y., ; asthe equilibriumvaporcomposi-

tion at given tray composition,temperature

and pressure. It is assumedhat liquid and
vaporareperfectlymixedin their controlvo-
lumina.

F.2.2 Tray hydraulics

The modelingof the tray hydraulicis based
on empirical correlationsselectedfrom the

literature. Lockett (1986) and Stichlmair
(1978) give an excellent overvien over the
different approaches. The chosencorrela-
tions are not necessarilythe bestavailable,
but allow fairly accuratepredictionsandare
easyto implement.

Clear liquid height. Considerthe stage
shovn in Fig. F1. RecallEgq. F12 were
theliquid holduponthesievetray, M,, is de-
fined with the active tray area, A; , (exclud-
ing downcomer)and the clearliquid height
he. The clearliquid heightis lessthanthe
actualheightof fluid onthe platedueto bub-
blesdispersedn the liquid. The fraction of
liquid (froth density)in the fluid is denoted

0.
hcl = ¢hweir + how (F16)

We usethe correlationpresentedy Bennett
(1983)to computethe froth densityo

¢ = exp(m - K); (F17)
with the superficialvelocity factor
Ky = v/ po/ (o1 — pv) (F18)

wherev, = V;,,/(Ayp,) is the vapor veloc-
ity over the active tray. The parametersr,

andm, areempiricalconstantsBennettuses
w1 = —12.55 (in unitsconsistentvith theve-

locity factor K, in m/s),andm, = 0.91 (di-

mensionless)We fitted new valuesto match
pressurelrop experimentsandto getreason-
ablevaluesfor theliquid holdup.

Flow over outlet weir. The liquid flow,
Ly, over the circular weir from the tray to
the downcomer is computedwith a modi-
fied Francisweir formula(Perryetal., 1984).
Since the outlet weir is placed off center
towards the column wall, the liquid height
above the weir h,, will not be constant.
Thereareno existing correlationsvhich deal
with the converging flow over circular outlet
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weirsin distillation column (Lockett, 1986).
Taking the design into consideration,we
chooseo correcttheweir lengthwith afactor
of 0.5.

L out

0.704
Bow = 44300 - [ ——2
(,01 -0.5- dweir)
(F.19)

We have hereassumedhat the liquid con-
tains no bubblesasit passesver the welr,
thatis, h,, is theclearliquid heightof liquid
overtheweir (seeEqg. F.16).

The actualheightof fluid (mixture of va-
por bubblesand liquid) on the tray is then
hea /. If thecomputedroth height, b, /¢ <
hweir, theliquid flow leaving thetrayis setto
zero.

Pressue drop correlations. The pres-
sure drop over a stageis measuredas the

wherev, = v;A;/A} is thevelocity through
theholes[m/s].

The pressureloss due to surface gen-
eration, Apyuseie, 1S NEglectedcomparedto
theequationgresentedn Coulson(1983)or
Perry (1984). The 'residualpressuredrop’,
Apresia, as listed in literature (e.g. Perry
(1984)) is ngylected sincethesuggestedig-
uid heightof 12.5mm is comparableo the
staticliquid headon the sieve tray.

Summary of Holdup Distrib ution. The

total liquid holdupon a stageis
M = M; + My, (F.24)

Here M, is given by EquationsF.12 - F.19.
We have

Mt = Atpl(bhweir + Atplhow
—_—— N —

M’LL’LU

(F.25)

MD’LU

differencein pressurebetweentwo adjacent Note that ¢ dependson the vapor flow V

stages

Ap=p; —pi1 (F.20)

The total pressuredrop Ap consists of
the 'static’ (wet) pressuredrop throughthe
areatediquid on the sieve tray andthe'dry’
pressuredrop throughthe holesof the tray,

Apdry-

Ap = Apstatic + Apdry (F21)

The'wet’ pressuradrop dueto the heightof
clearliquid onthetrayis

Apstatic =g p- hcl (F22)

According to Lockett (1986) the hydraulic
gradientfor sieve tray distillation column of
smalldiameter(lessthan0.5m) is nggligible.

Numerouscorrelationsfor the dry pres-
suredrop are available (e.g.: Liebsonet al.
1957)we have chosen:

L9 2w s
1000 C2 ppy
= 0.965 - p, - v}

Apdry = Pmi
(F.23)

whereash,,, dependson the liquid flow L.
We identify four contributionsto the liquid
holdupin thedowncomer

Mdc = Mloss + Mcl + Mdry + Mseal
(F.26)

1. Holdupwhich correspondso theheightof
clearliquid on the tray plusthe contribution
from the correspondingwet” pressuredrop
throughtheliquid onthetray above:
My = Aapi2hg = QﬁMt
Ay

2. Holdup correspondingo pressuredrop

over the trays perforation ("dry pressure
drop’), whichfrom Eq. F.23is

Ad : Apd’ry
g- MW,

3. Holdup dueto pressuredrop underthe
downcomerapron, M;,,;. This term may
usuallybe neglected.

4. Holdup of liquid in the downcomerseal,
M., Whichis independenof vaporandlig-
uid flow.

(F.27)

Mgy, = (F.28)
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F.3 Linear Tray Hydraulics sincebothr andA dependon thetray load-
ing, their valuesmay be significantly differ-

In orderto obtainfurtherinsightinto thetray ent for the rectifying and the stripping sec-

hydraulicswe shall considerthe linearized tjon.

approximation. Sucha simple approxima-  To derive analyticexpressiondor 77, 7

tion mayalsobeusedn orderto simplify dy- and A the holdup expressionsin equations
namicsimulations.For simplicity, thevapor E24to E28arelinearized:

holdupis neglectedandconstanmolarflows

areassumed. 0M, — Atpmmhm =" Ing
It is assumedhattheliquid flow, L,,;, is oV Vi Vin
a function of the liquid holdup, M andthe (F-32)

vaporflow V;,, (Rademakr etal. 1975,Sko-

estacketal. 1988). Takingthetotal differen-
g ) ng I 5Md'ry 92 Mdry

tial of L,,; thenyields = F.
t y 5V, V. (F33)
L L
dLgut = (56‘;“) dViy + (55 Af) dM
\—\ZZ—]M/ \—\/—‘L 5Mloss . Mloss
X R =2 (F.34)
L 5Lout Lout
(F.29)
Notethatthis relationships assumedo hold SM, M,,
dynamically The hydraulictime constantr, L. 0.704— t (F.35)
typically variesfrom 0.5to 15 secondsThe o o
vapor constant), representinghe influence Equationg=32to F.35yield:
of V;,, on L,,;, typically rangedetween5 to
+5 (Rademakretal. 1975). Tv =2 Mar, +
We wantto obtain A andr;, from corre- Vi
Iatu_)ns_for theliquid hoIdupM gsafunct_lon 1 4 o2k woIng  (F.36)
of liquid andvaporflow givenin Equations Ay in
F.24to F.28. Thevalueof 7, canbedirectly
obtainedfrom thesecorrelations. To find A
we note that the total differential of M can o Migss Ay Mo
bewritten =2 T + (1 + 2E> 0.704 I
(F37)
dM = ((55LM ) d Loy + ((;53/[) dVin
/v ‘nsL Notethatfor ourtrayswhich have downcom-
L v ers which exit above the liquid, we replace

(F.30) 244 by 4¢. It is importantto notethatr, and

(this equationholdsonly at steadystate).;, thus maybe eitherpositve or negatve. A
is always positive whereasr, may be either negatve A meansthat moreliquid is stored

positive or negative. inside the column when vapor flow is in-
SettingdM = 0 in equationsF.29 and creasedresultingin atemporaryreductionin
F.30vyields liquid flow. The maincausefor this effectis

the increasedpressuredrop which increases
A= (0Lout/0Vin)ur = —(rv/71)  (F31) My, A positive A meansthatlessliquid is
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storedinsidethe columnwhenvaporflow is The key dataof the stagedesignareweir
increased. At first this may seemunlikely. height h,.;; = 30 mm anda ratio of down-
However, in tray columnsit is quitecommon comerto active tray areaof A;/A,=0.123.
andis causedy a“swelling” (decreasen the With thesedataandthe coeficientsfor Eq.
froth density ¢) which pushediquid off the F.17 presentedn Tah F.2 we computethe
trays.For situationswhere\ > 0 anincrease datapresentedh Tah F.1. Wehavechoserto
in vaporflow rateresultsin adecreasef lig- estimatethe coeficientsfor Eq. F.17 for the
uid holdupon thetray. Theliquid which is rectifierandstrippersectionseparatelysince
displacedon the sieve tray will be dumped thesesectionshave a ratherdifferentliquid
on the stagebelov. If the changein 'dry’ load.
pressuredrop is extensve enough(increase The column is operatedwith a feed of
in hgpy ) this excessliquid will probablybe ethanol/lmtanolof compositionzz = 0.5 and
storedin thedowncomer afeedflow of 350 ml/min. Thereboilerheat
Numerical example We will discuss inputis Qg =5.79kW = V = 0.142 mol/s
the experimentaldatalater, but to illustrate and Qg = 6.45kW = V = 0.158 mol/s
the above procedurewe shall computethe for Exp. 5 and®6, respectiely. The reflux
holdupdistribution andhydraulicparametersis in both casesL; = 470 ml/min = 0.096
for the top and bottom sectionfor experi- mol/s. Notewe assumeonstaninolarflows
mentsno. 5 and6. throughthe column.

TableF.1: Numericalexample,estimateddatafor experiment5 and6

Exp.5 Exp. 6
para- dimen- | top [ bottom| top | bottom
meter sion section
ADdry Pa/tray 199 247

0] 0.20| 047 | 0.17| 0.45
Pow mm 143 | 2.16 | 143 | 2.16
M,, mol | 0.16| 0.24 | 0.16| 0.24
My mol 0.67| 1.60 | 0.59| 1.52
My mol 0.38 0.47
0Ma/6V | s [-6.27] -5.75 | -5.33] -5.23
SMyry )0V S 5.40 6.02
6 Mow /0L s [1.32] 111 [132] 111
TL S 132 112 | 1.32| 112
TV S -0.87| -0.34 | 0.69 | 0.79
A 0.65| 0.31 |-0.52| -0.70

The term 6 M, /0L is in the order of boilereffectby approximatelyl0 %, but give
6 - 10~3s andcanbe neglectedcomparedo entirely differentresultswhenthe hydraulic
theotherterms. parametersre computed.Note that the two

Thesetwo experimentsdiffer in the re- contributions to 7y 0Mar,/0V (contribu-
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tion from changein downcomerholdupdue
to pressuralrop)anddM,;/dV (contribution
from changen tray holdupdueto froth den-
sity) changein differentdirectionswhenthe
heatinput to the reboileris increased.It is
then clear that 7y may easily changesign,
andsomaythen\ = —m, /7,. For experi-
ment5 the absolutevaluesof 6 My, /6V <
Mg, /0V suchthat the liquid replacedon
the sieve tray cannot be storedin the down-
comer For experiment6 the situationis such
that the replacediquid will be storedin the
downcomer

F.3.1 Linear flow relationshipsfor
column sections

In the following assumethat the hydraulic
parametersare equalfor all traysin the top
section(r;r and A7), andfor all traysin the
bottom section (7,5 and Ag). Considera
small deviation from steadystate.With con-
stantmolar flows the materialbalanceon a
tray becomes
dM

—— =dLi, — dLgy,
dt '

wheretheliquid flow leaving thetrayis given
from thelinearizedtray hydraulics(Eq. F.29)

(F.38)

1
dLoyt = AdV + —dM

TL

(F.39)

Repeatedcombination of these equations
yields the following expression for the

changen liquid flow atthebottomof thecol-

umn, Lg, in responsdo changesn reflux,

Ly andboilup, V: (similar to Rademakr et

al., 1975,Skogestacetal., 1988):

dLg = gr.(s)dLt + gy (s)dV (F.40)
where
(s) = 1 1
gris) = (1 + TLTS)NT (1 + TLBS)NB

(F41)

gv(s) = As (1 -

At
(TLBS + 1)NB

1
(TLBS + 1)NB) +

(F.42)

<1 S 1)NT)

Theresponsef Lz to achangen reflux
atthetop, L is asexpectedacascadef first-
orderresponsespne for eachtray. The re-
sponseof Lz to a changein vaporflow, V,
requiresamoredetailedderivation. Consider
first a columnwith only onetray. We con-
siderheretheeffectof achangan V" only, so
setdL;, = 0in Eq. F.38. Taking Laplace
transformsof equationsF.38 and F.39 and

combiningyields -dM = —_25dV, and
we getwith onetray
1
ALy = dL; = A (1 - ) av
s+ 1

(F.43)

For two identicaltrayswe getin additionthe
changein liquid flow from the tray above,
dL;,, whichwill beequalto dL, givenabove.
dL;, will affect dL,,; througha first order
lag, so the total effect of a changein vapor
flow with two traysis

dLq B
ws+1

1
A (1 a P 1)2) v (F44)

For acolumnwith N identicaltrayswe find

dLoy = dLy +

1

(ts + 1)N> v
(F.45)

ALy = dLp = A (1 —

For acolumnwith atop andbottomsection

dLg=Xg|{1— ——— | dV
B B( (TLBS+1)NB> +

dLT,out

(rips +1)7% (F.46)
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where L, r is the liquid enteringfrom the umnandinfluencethe hydraulicsof the sys-
top section.lt is itself causedy theincrease tem. Theliquid holdupcanbeestimatedrom

in vapor so experimentsandtheoreticakalculations.
i) Experimentadumping. The columnis
AL7 gut = A7 (1 _ ;) dv emptiedby turningof therefluxandtheheat-
’ (Tors + 1)V ing. Liquid evaporatedduring this operation

(R47 is collectedin the accumulatar The com-

binedholdupchangeof accumulatoandre-
boiler is thenthe amountof liquid storedon
thetraysin the columnduringnormalopera-

and we derive the desired expressionfor

gv(s).
Introducethe following approximations

(which aregoodfor long columnsections) ~ ton- _ _ _
i) Theoreticakray calculationsusingge-
1 ~ 085, ometricdataand correlations,seeequations
(14 7Lps)Ne ’ F.24to F.28.

1
(1 + mpps)Nr

iii) Tracerexperiments. One may inject
a heavy componentt the top of the column
andmeasurehetime it takesfor thewave to
move down the column. In generalthetime
constantfor the compositionresponseon a

~ e 0rs (F48)

Wher693 = NpgTiB andOT = Ny1rr.
Also introducethe total liquid lag from the

topto thebottomé = 0 + 7. Thenwe get ;i yiiqualtrayis r, = M, /(L + K'V), where
from Eq. F46with dLr = 0 we canset K = 0 for a heavy tracer and
dLy ~ Ap(1 — e07%) 4V + f[hetim.ec.onstan(appatreln]tgfelay\)/s)rN trays

—0ns  —6s in seriesis approximatelyN7.. We approx-

Ar(e™" —e7) dV - (R49) imated, ~ N7, suchthatwe areableto es-

In words, a stepincreasan boilup, dV/, will timatethe columnholdupfrom themeasured

resultin animmediateincreasén L equaito  delayf..

AzdV. Thisincreasewill lastapproximately ~ 1v) Experimentattemperaturgesponses.
for thetime 65 (whichis thetime it takesfor Measuringheinitial temperatureesponséo
achangein liquid flow to propagatehrough astepchangen reflux AL or vaporflow AV
the bottomsection),thenthe increasen L, €hablesheestimationof theliquid holdup.
will changdo thevalue\dV andit will stay Thenecessargssumptionsre:

at this value for an additionaltime 6. Af-
ter approximatelftime § = 6z + 61 thelig-
uid flow L will changebackto its original
value.

OP1 vaporholdupis negligible
OP2 constanmolarliquid holdup M

OP3 equimolar flows (simplified enegy
F4 Obtaining parameters  Paance)

from experiments OP4 thelocalslopeof thevapotliquid equi-
librium curweis K;

F4.1 Liquid holdup OP5 local linear relation between liquid
Theliquid holduponthestagesieterminghe composition and temperature,x =
compositiondynamicsof thedistillation col- Tk;.
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The material balanceover a stage be-
comes

M dz;/dt = L; (i1 — i) + Vi (Yis1 — ¥i)
(F.50)

For a stepchangein L; andV; the internal
flowsareL; = LY+ AL andV; = V,? + AV.

Subtractthe steadystatesolution from Eq.

F.50 and considerthe time immediatelyaf-

terthestepchangavhenthetray composition
still is unchangedThis yields the following

relationshipfor theinitial slopeasa function
of AL andAV:

dAx;
M ) = ALj(zo, —2°
( dt )im‘t (xz—l xz) +

AVi(y7 — y7 (F.51)

Apply assumption®©OP4 and OP5 and rear
rangekq. F.51

() =an, T
init
AViE(TY,, - TYFS?)

FromEq. F52it is possibleto estimatethe
molar holdup M; on a stagefrom observ-

ing the initial slopeof the tray temperature

to changesn reflux or boilup.

F.4.2 Liquid hydraulic time con-
stant 7

Theliquid hydraulictime constantanbede-

F.4.3 Vapor constant\

Thevaporconstant\ representtheinitial ef-
fect of achangen vaporflow on liquid flow
from a stage. Experimentallywe canobtain
A by thefollowing means.

i) Fromtemperatureesponsed-or example,
for A > 1 theeffect of anincreasan V" will
initially becounteractetyy anevenlargerin-
creasen L andwe will obsere anincrease
in tray temperaturen the upperpart of the
columnearlierthanin thelower part.

i) From reboiler level response. Since
dMpg/dt = Lg —V we getfrom Eq. F49
thatfor a unit stepin vaporflow V' (keeping
thereflux flow constantAL = 0), the slope
of the responsef Mz asa function of time
will be approximately(Ap — 1) for thetime
0, thenequalto (A — 1) for the next time
fr, andthenremainat-1.

iii) Estimate) theoreticallyusing hydraulic
relationshipsuchasgq. F.36 andEq. F.37.

F.5 Results

The distillation columnis equippedwith 11
sieve trays (humberedfrom the top) of 125
mm diameter As comparedwhat could be
expectedin an industrial column, the hole
areaof the trays is relatvely small (A, is
abouts% of A4;), andtheholdupin thedown-
comeris relatively large (about50% of to-
tal holdup). Also, the downcomerdesignis
differentfrom thatin Figure F.1 in that the

terminedexperimentallyby makingachange downcomerendsabovetheliquid surfaceand

in refluxandobservinghedelayin liquid re-
sponsehroughthe column.

i) This delay may be obsered from the re-
sponseof theuncontrolledreboilerlevel, or
i) from thetemperatureesponsemsidethe
column.

iii) 7, may also be estimatedtheoretically
from tray data(seeEq. F.37).

hasa quitelarge downcomersealholdup.
The reboileris a thermosyphorreboiler
with a nominal holdup of 3.5 liters and
equippedwith electricalheatingof a maxi-
mum effect of 15 kW. Thetotal condensers
connectedo anaccumulatowith aholdupof
approximatelyl.5liters. Thereflux andfeed
arefedto thecolumnby meteringpumpsand
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enterthe columnwith atemperaturepprox-
imately 2°C' below theboiling point.

Eachtray is equippedwith athermocou-
ple which is placedapproximatelyl0 mm
abovethecenterof thetray. Below thelowest
tray a pressuresensolis installedto measure
the pressureadrop over the column. The dis-
tillation columnis interfacedto a computer
systemfor datarecordingandcontrolwith a
samplingfrequeng of 1 Hz.

The experimentswere performed with
mixtures of ethanoland butanol. For the
theoretical estimationof holdupsand time
constantsve assumeconstantdensity p, =
731.5kg/m? (Halles,1976)andmole weight
MW, = 60.1kg/kmol correspondingo a
50/50 mixture. We also assumeAh,,, =
40900k J /kmol (Majer, 1985).

F.5.1 Pressuedrop

Experimentsvereperformedto measureghe
pressuredrop over the distillation column.
Basedon thesemeasurementand applying
equationg=.16to F.23we computeby means
of a least squareapproachthe coeficients
which wereusedin Eq. F.17. Theestimation
is performedseparatelyor strippingandrec-
tifier section.A comparisiorbetweerexper

imentaldataandthe estimatedoressuredrop
is shavnin FigureF.2.

The empirical parametersr; and s for
Eq.F17 determinedfrom the pressuredrop
measuremeni@representedn Tah F.2.

TableF.2: Empirical parameter$or Eq.FE17

T T2
rectifiersection | -24.17| 0.73
strippingsection| -7.05 | 0.61

Total pressure drop

6000F
5000F

4000¢

= 3000F

differential pressure [N/m2

2000f

1000 *
0 0.1 0.15 0.2 0.25
molar vapor flow [mol/s]

Figure F.2: Comparisonof measured*,0)
andestimated-) pressuralrop over thedis-
tillation

F.5.2 Liquid holdup

Table F.3 lists experimentalconditionsand
someresultsfor experiment2, 35 and6.

i) The liquid volume determined by
dumpingthe distillation column is denoted
Vi.aump-  The correspondingaverage tray
holdupis denotedV; gym,.

i) The liquid volume estimatedfrom
pressure@ropmeasuremenis denoted/; a,.
It is foundby measuringhedifferentialpres-
suredropoverthecolumnandestimatinghe
liquid holdupbasedn Eq. F.24to F.28.

iii) We performedexperimentswith only
ethanolin the columnandusedbutanolasa
heavy tracer With reflux L = 472ml/min the
time for the butanolto reachthe bottomwas
about330secondgseerig. F.3), correspond-
ing to aliquid holdupof approximately2.59
l.

Theagreemenbetweertheseghreemeth-
odsis goodandgivesa total columnholdup
of approximately2.7 liter.

iv) We alsousedEg. F.52to estimatethe
holdupfrom the initial temperatureéesponse
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on trays 3 and 9 to a stepresponsan heat linesin theFigures)whicharein goodagree-

input Exp. 2 andExp. 6 aswell asin re-

ment with the experiments. The simulated

flux Exp. 3 andExp. 5. The temperature responsearefor the full model(with no as-

responsesire shovn in Fig. F.4 andF.5 for
experiments2 and 3, respectrely. The cor
respondingestimatedholdups (denoted M3
andM,) shaw large variations(seeTah F.3)
and are also different (mostly larger) from
the valuesfound above usingdumping. The
reasonfor the variationsmay be inaccurag
in determiningtheinitial temperatureleriva-
tive (seee.g. Fig.E5). However, the de-
viation from the dumping experimentsmay
alsobe becausehe assumptiongor derving
Eg. F.52 do not hold. This is partly con-
firmed by the simulatedresponsegsmooth

sumptionaboutconstanimolarflow etc) us-
ing holdupswhich arein agreementvith the
dumpingexperiments.

CompareExp. 2to 6 andExp. 3to 5
shaws thatthe quality of predictionincrease
for increasingstepchanges.The changesn
experiments and6 areatleasttwice thestep
changesasin Exp. 2 and3. Furtherwe see
that the estimatedholdup varieslargely for
Exp. 2 and 3. Inspectingthe resultsshov
that the holdup is very much overpredicted
for the oppositeside of the columnwerethe
stepwasintroduced.

TableF.3: Datafor holdupestimationfor experiment2, 3 ,4 and5

units Exp.2 | Exp.3 | Exp.5 | Exp.6

F ml/min 250 250 350 350
2F 0.54| 0.56| 0.56| 045
Ap mbar 223| 26.1| 353| 546
Qi—o kJ/s 3.60| 4.50| 5.70| 6.45
AV kJ/s +0.45 0.0 0.0| +1.58
Ly ml/min 249.8 382 468 470
AL ml/min 0.0, +52.8| +88.4 0.0
Vi, dump l 268| 271 293| 3.10
Vi,ap l 277 274 2.69| 2.66
M dump mol 3.06] 299| 324 343
T, °C 79.12| 89.91| 79.17| 79.74
T3 °C 79.45| 84.64| 79.78| 81.45
T, °C 80.42| 89.91| 81.09| 84.65
dATs/dt | 1072-°C/s | +0.18| -1.43| -0.63| +4.23
M mol 6.02| 3.70| 2.25| 3.19
T3 °C 96.72| 109.71| 110.73| 115.64
Ty °C 104.53| 113.65| 114.96| 116.75
T °C 111.08| 115.78| 116.61| 117.21
dATy/dt | 1072 °C/s | +4.51| -0.87| -2.23| +2.15
My mol 414, 6.39| 4.46| 3.37
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Deviation in temperature and level
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Figure F.3: Deviation in temperatureof re-

boiler ,T;., and on stagesl,10, 11 and the

reboilerlevel responsealue to injection of a

heavy tracer
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FigureF.4: Experiment2. Initial responsef
temperatureentrays3 and9to astepchange
in heatinputatt =10s

F.5.3 Liquid hydraulic time con-
stant 7

For theexperimentabdeterminatiorof thehy-
draulictime constantthelevel control of the
inventoryis placedinto manual suchthatthe
positionsof the productvalvesarefixed. The

reboilerlevel will now primarily dependon

the liquid flow to the reboilerandthe vapor
leaving it, althoughit shouldbe notedthat
a fixed valve positionnot necessarilymeans
thattheliquid flow throughthevalve is con-

stant.

temperature response experiment/rigorous model
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FigureF.5: Experiment3. Initial responsef
temperaturesntrays3 and9to astepchange
in refluxflow att =20s

Let usfirst considerexperiments.

i) The hydrauliclag betweenthe increasan
reflux until the reboilerlevel changess il-
lustratedin Fig. F.6. Wefind § = 23.1 s
from the changen reflux pump control sig-
nal to theinitial level changeof thereboiler
which give an averagehydraulic time con-
stantof 7, = 2.1s. The experimentalre-
sponseshowv a delay betweenthe changein
controlsignalandthe changdan accumulator
level of 5.3 s. Considerthe time difference
from the initial accumulatordevel deviation
until the reboilerchangesvhich give atime
delayof Af, = 17.8s. Fromthis delaywe
computean averagehydraulictime constant
for eachstageof 77, = 1.62s.

i) Usingtemperatureneasurementae find
thattheliquid delaybetweerthetemperature
changeontray3and9is 12.7secondswhich
give an averagehydraulic time constantof
71, = 1.68s. Forexperiment3 wefind adelay
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in thetemperaturehangebetweenthe trays
of 11.8secondsvhichyieldsahydraulictime
constanbf 1.68s.

iii) Applying Eq. F.37 to the setof opera-
tional conditionsof experiments givenin Ta-
ble F4 yieldSTLT = 1.32s andTLB = 1.11s,
whichis approximatel\2/3 of theexperimen-
tal value. For experiment3 we find from the
temperatureesponsesn Fig. F.5 an aver
agehydraulictime constanbf 1.83stheesti-
matedtime constants 1.46and1.23seconds
for therectifierandstripper respectiely.

response of reboiler level to reflux flow change
0.2 T :

experiment
simulation

0 50 100
time [s]

150

Figure F.6: Experiment5. Responsef re-
boiler level to a stepin reflux flow att = 20
S

We note from these and other results
that the agreemenbetweenexperimentand
tray calculationsis someavhat betterfor the
level measurementd we considerthe dy-
namicsof the pump. Consideringthe dy-
namicsin pump and sensor(see(i)) by re-
defining the time horizon reducethe devia-
tion betweerthe differentmethodsconsider
ably. The computedvaluefrom the temper

TableF.4: Experiments3 and5 for changes
in liquid flows. Experimentalconditions,
measuredime delays(d), andhydraulictime

constan{ry)

units | Exp.3| Exp.5
F ml/min | 250 | 350
ZF 0.56 | 0.56
Ly ml/min | 329.2| 468.8
Li—o ml/min | 382.7| 557.2
Qi=—o kJ/s 4.50 5.8
Ors ] 16.7 | 13.3
@Tg S 28.5 26
©p S * 5.3
®B S * 23.1
71+ (EQ.RE37) s 146 | 1.32
71 (EQ.F37) S 123 | 1.11

Still, it seemsthat the estimatedvalues
for 77, from Eq. F.37 aretoo small. However,
the rigoroussimulationswhich arebasedon
the samecorrelationsshav betteragreement
asis illustratedby comparingthe experimen-
tal andsimulatedreboilerlevel in FigureF.6.
Thereasorfor thedifferencemaybeasome-
what more detailedtray model and effects
of the enegy balancewhich arealsonot in-
cludedin the simple linear analysisleading
to Eq. F.37.

F.5.4 Vapor constant\

A may be obseredfrom theinitial response
to changesn the boilup as changesn the
slopeof thetray temperatur®r reboilerlevel
asa function of time. Fromthe temperature
measurementior experiment? it is difficult
to obsere arny changein the slope so one
would expect ) to be closeto 0. This does

aturemeasuremertii) is stronglydependent notagreewith estimated/aluesfrom tray cal-

on the quality of the signalto geta goodap-
proximationof the hydraulictime constant.

culationswhich yield A equalto 5.1 and3.8
in the top andbottom sections respectiely.
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As seenfrom the simulatedtemperatureon

tray 9, this shouldyield aninverseresponse,

which shouldbe easyto obsere in the bot-
tom section(dashecturvein Fig. F.4).

From the level measurementor experi-
ment 6 one can from Figure F.7 obsere a
changein the slopeafterabout10 s andthen
anotherchangeafter about35 s (from when
the changein heatinput wasapplied). This
indicateghatfr is about25sandédp is about
10 s. Thisis in reasonablegreementvith
experiment5 which hasthe sameinitial lig-
uid flow (seeTableF.1). If we considerthe
slopeof Mp asa function of time thenone
wouldfrom theexperimentatesponsén Fig-
ureF.4 expect)\r to beabout-1 and )\ to be
about-3.

response of reboiler level to heat input

experiment

rigorous model

0 5.0 160 iSO
time [s]

Figure F.7: Experiment6. Responsef re-

boiler level to a stepin heatinputatt = 10

S

Again, thisdoesnot agreevery well with
the estimatedvalues of about-0.52 and -
0.70, evenif the sign Ay and A is correct.
This deviation may seemvery large, but the
estimatedvaluesare very sensitve to small
changedn the data. For example,consider
Experiment6 for which we estimate)\ g
—0.7. Recallfrom Eq. F.36 that A hastwo
contributionswith differentsigns(seeTable
F.1). Both of thesearevery sensitve to the

value of the vapor flow. For example, the

magnitudeof the pressuredrop term (which

yields a negative contribution to A) is pro-

portionalto V', while the froth densityterm

(which yields a positive contrikbution to \)

may becomdessimportantasV is increased
(becausehe froth density ¢ cannotbe less
than 0). For experiment6, we obtainedin

Section3 1y = 6.025-5.235=-0.70s.

If we decreasehe vapor flow by 20%
thenwe find 7,5 = 4.812s- 6.32s=- 1.51
S. 71, isunchangeat 1.11s, sowe find that
a 20% decreasen V' changeghe estimated
valueof Az from - 0.70to 1.35suchthatan
inverseresponsdor the bottom sectioncan
be expected.On the otherhand,anincrease
in vaporflow by 20% changeghe estimated
Ap from -0.70to -2.49,which s ratherclose
to the experimentalvalueof about-3.

F.6 Discussionand Conclu-
sion

The agreementwith the experimental re-
sponsesand simulationsusing the detailed
modelwere generallyvery good, exceptfor
the initial effect of changesin vapor flow
(e.g.,asexpressedby theparametep). How-
ever, this was obtainedonly after consider
ableeffort (includingsomeparametefitting)
soin generalwe believe it is difficult to pre-
dict accuratelythe initial responseof distil-
lation columnsbasedon only geometricdata
aboutthe column and thermodynamiaata.
Two reasonsre:

1. Thecorrelationdor estimatinghetray
holdupsare empiricaland do not seemvery
reliable. For example,this appliesto thefor-
mulafor estimatingthe froth density

2. Evenwith a goodmodelfor estimat-
ing the tray holdups,the dynamicresponse,
for exampleasexpressedy ), is very sen-
sitive to small changesin the parameters.
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This meanghatonecannotexpectto be able
to predictfrom tray dataalonewhetherone
will an have inverseresponsdo changesn
boilup.

In generalthe inverseresponsas unde-
sirableso onewould like to have A < 0.5.
Fortunately the modelsgive us insight into
how the tray designshould be changedto
achiese this. The reasonfor the undesired
positive contributionto X is the swellingdue
to bubbles. This effect seemsdifficult to
avoid andis probably desirableto improve
masstransfer To make A more negatve
oneneeddo increaseéhe downcomerholdup
as vapor flow is increased. This may be
achieved by usinga larger downcomerarea
or by increasingthe pressuredrop over the
trays (e.g. by using smaller holes in the
plates). Another alternatve, which may be
more attractve, is to usea pacled columns
whereliquid holdupgenerallyincreasesvith
vaporflow, implying that A is generallyneg-
ative.

For control purposesone may want 7,
large asthisincreasesheliquid lag from the
top to the bottom of the column, and thus
tendsto decouplethe dynamicresponséan
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Notation
A area m? L; molarliquid flow of
Cp dischage coeficient component kmol/h
d diameter mm M molarholdup kmol
F;  molarfeedflow of MW molecularweight kg/kmol
component kmol/h N Numberof trays
g standardacceleration P pressure bar N/m?
of gravity m/s? g liquid flow m3/s
h molarenthaly GJ/kmol T  temperature °C
h height mm v velocity m/s
K  equilibriumconstant V' molarvaporflow kmol/h
k  constant Vol volume m>
K dimensionlesselocity Yeq,i €Quilibriummolarfractionvapor
l characteristidength  mm y;  molarfractionof component
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x;  molarfractionof component
% molarfractionof component

GreekSymbols

A pressurarop N/m?
pm liquid massdensity  kg/m?
p  liquid molardensity  kmol/m3
¢ froth density

0 time delay s

A vaporconstant

T time constant S

i empiricalparameter
Subscripts

a dovncomerapronarea

cl clearliquid

weir

downcomer

parametereledto dry pressuralrop
equilibriumcomposition
holeareaof thetray

identifier

flow into the systemvolume

index for numberof components
liquid phase

hydrodynamidosses

flow out of the systemvolume
overweir

sealpanof downcomer
stageconsistingof tray anddowncomer
tray

total

underweir

vaporphase

weir geometry



