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ERRATTA

22. November. 1999

Someresultsin Chapter2 wereunfortunatelyomittedin thefinal editingof theChapter.
Thereaderis referredto thepaper“Evaluationof DynamicModelsof Distillation Columns
with Emphasison theInitial Response”by BerndWittgensandSigurdSkogestad,presented
at: DYCORD+’95,7-9 June1995,Helsingør, Danmark(seeAppendixF). In sectionsthree
to six of the paperandalsoAppendixB andC of the thesis,methodsto determineopera-
tional parametersfrom experimentarepresented.Furtherresultsconcerningtheimportance
of linearizedtray hydraulicswhich wereomittedin thethesisaregiven.

In TableB.11,page201,thecoefficientsof EquationB.53are:

Procedure ��� ��� ���
D -11.44 0.63 1.0
D2R -24.17 0.73 1.0
D2S -7.03 0.61 1.0
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Abstract

Distillation is probablythemostimportantunit operationin chemicalindustriesfor thesepa-
rationof liquid mixturesinto pureproducts.In asinglebatchdistillationcolumn,multicom-
ponentmixturescanbeseparatedinto anumberof productfractions,whereasin continuous
distillation a sequenceof columnsis necessaryto performthesametask. Batchdistillation
columnsoffer greaterflexibility with respectto variationsof feedmixtures,feedcomposi-
tion, relative volatilities andproductspecification.However, batchdistillation columnsin
generalrequiremoreenergy input comparedto a continuousdistillation column. A newly
developedbatchdistillation column,for the simultaneousseparationof a multicomponent
mixture might representa processwhich combinethe energy consumptionof continuous
distillationandtheflexibility of conventionaldistillation.

In recentyearsresearchon thedynamicsof distillation columnwasfocusedon thede-
velopmentof modelssuitablefor dynamicsimulationof the compositiondynamics. The
purposeof researchwasone.g. theselectionof controlstructures.Few of thesemodelswere
verifiedexperimentallyon distillation columns.A rigorousmodelbasedon first principles
of a stagedhigh purity continuousdistillation columnis presentedandexperimentsareper-
formedto verify themodel.Theimportanceof thetrayhydraulicsto obtaingoodagreement
betweensimulationandexperimentis demonstrated.Further, analyticalexpressionsarede-
rived for hydraulictime constantsfor the applicationin modelswith simplified liquid and
vapordynamics.

Over the last centuries,chemicalindustrieshasmoreandmorechangedfrom conven-
tional batchcolumnsto continuousdistillation columns,becauseof the lower energy de-
mand.However, this trendis aboutto changeespeciallyin theproductionof fine chemicals
or pharmaceuticalswherebatchdistillation is recentlybecomingmoreimportant.Thepro-
ductionof finechemicalsis characterizedby smallamountsof productandfrequentchanges
with respectto feedstockandproductspecifications.With this renewed interest,investiga-
tionsontheoperationof batchdistillationprocessesareneededor alternatively, new column
configurationsshouldbeconsidered.

Thenewly developedmultivesselbatchdistillation columnconsistsof a reboiler, inter-
mediatevesselsandacondenservesselandprovidesageneralizationof previouslyproposed
batchdistillation schemes.The total reflux operationof the multivesselbatchdistillation
columnwaspresentedrecently, a simple feedbackcontrol structurebasedon temperature
measurementshasbeendeveloped.The feasibility of this strategy is demonstratedby sim-
ulationsandverifiedon a laboratoryscalemultivesselcolumn. Theexperimentsshow very
goodagreementwith thesimulations,andconfirmthatthemultivesselcolumncanbeeasily
operatedwith simpletemperaturecontrollers.A simpleprocedureto determinethesetpoint
of thetemperaturecontrolleris presentedandshow thatfinal productcompositionsareinde-
pendenton thefeedcomposition.

Themultivesselbatchdistillation columnis comparedto a conventionalbatchcolumn,
bothoperatedunderfeedbackcontrol. It is foundthattheenergy consumptionfor separation
of a multicomponentmixturesinto high purity productrequiresconsiderablylessenergy in
a multivesselcolumncomparedto a conventionalbatchdistillation column.Besidesthere-
ductionin energy consumptionthemuchsimpleroperationof thenew columnis established.
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Chapter 1

Intr oduction and Literatur eReview

Abstract

This chaptergive a brief descriptionof the two types of distilla-
tion columnsconsideredin this thesis. The remainderof this chapter
is devided into two major parts; first an overview of the literature
concerningmodelingof theinitial responseof distillation columns,the
secondpart is focusedon thecontrolof a newly developeddistillation
arrangement,the multivesselbatchdistillation column. The introduc-
tory chapterconcludeswith a descriptionof the following chaptersof
thethesis.

1.1 Moti vation

Distillation is anessentialunit operationin chemicalindustries,e.g. for thepurificationof
final productsor for therecovery of componentsdueto environmentalaspects.Thedistilla-
tion of chemicalmixturescanbeperformedbothby meansof batchor continuousoperation.
A schematicof acontinuousdistillationcolumnincludingacontrolstructureis shown to the
left in Figure1.1. A generalizedbatchdistillation column(furthercalledmultivesselbatch
distillationcolumn)with a feedbackcontrolstructureis shown to theright of Figure1.1.

During the lastdecades,theacademicresearchcommunityhave focusedtheir activities
moreon theenergy consumptionof theprocessby improving theoperationof this process
in generaland its design. In the chemicalindustriesdistillation columnsarehigh energy
consumerswith up to 40 % of thetotal energy consumptionof theplant.

Continuousdistillationcolumnsareusedfor theseparationof bulk chemicalswherehigh
througputandfew feedor productchangesareexpected.Thedesignof theprocessescon-
cernsratheroftenonefeedmixturewhich is aboutto beseperated,theunit is thanoptimized
with respectto productivity andenergy consumption.Batch distillation with its inherent
flexibility becomesincreasinglyimportantin theproductionof fine chemicalsandpharma-
ceuticals,whereproductis characterisedby small amountsandhigh addedvalue. Batch
distillation is ableto recover a numberof differentproductsfrom onemulticomponentfeed
charge,a wide rangeof feedcompositionsandrelativevolatilitescanbehandledin onesin-
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gle column. In a conventionalbatchdistillation, onecomponentat a time is separatedfrom
themixturewhenmulticomponentmixturesareseparated.Generally, batchdistillationis ap-
pliedfor low throughputoperationswherethehighercapitalcostsof acontinuousdistillation
unit arenot justified.

A generalizationof the conventionalbatchdistillation columnis the multivesselbatch
distillationcolumn,in it’ smostflexible form, asuperstructurefor batchdistillationcolumns
with anenergy consumptioncomparableto acontinuousdistillation for agivenseparation.
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Figure1.1: Flowsheetof acontinuous(left) andmulti vesselbatchdistillationcolumn(right)

Although distillation is one of the most intensively studiedprocessesin the chemical
industry, still it representsaninterestingfield for research: Theacademicresearchin distillation is primarily directedtowardstheoptimizationof

theoperationandtheprocessitself. Further, dynamicstudiesareperformedconcern-
ing thecontrolof this process,which is characterizedby excessivecontrol interaction
of the manipulatedvariables. For this purposemodelsof different complexity are
developedandappliedwith satisfactoryaccuracy for simulationstudies,bothwith re-
spectto thedynamicandsteadystatebehavior of theprocess.However, few of these
modelsarevalidatedexperimentallyon distillationplants. Batchdistillation is probablythe “oldest” unit operationin chemicalindustries.The
operationpolicy of industrial installationsis not fundamentallydifferent from labo-
ratoryequipment,which meansthat rathersimpleoperationpoliciesareapplied. In-
creasingdemandfor efficiency, bothwith respectto energy consumptionandproduct
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recovery, opensfor researchfocusedon new operationpolicies. Further, the combi-
nation of several units to somekind of “superstructure”which combinesflexibility
with respectto feedmixtures,easeof operationandreducedenergy consumptionis an
importantresearcharea.

1.2 Distillation dynamicsand modeling

Review articlesin theareaof distillation columndynamicsandcontrolarepublishedquite
frequentlyandgivearathergoodinsightin ongoingreasearch.Earlyarticlesconsidermainly
steadystateoperationof distillation columns,the introductionof digital computingenable
the investigationof the dynamicsin the erarly 1950’s. The pioneeringwork in distillation
dynamicsis reviewed in the work by Rosenbrok(1962). The book by Rademaker (1975)
includesa detailedinvestigationon the materialandenergy balanceof stageddistillation
column,further theinfluenceof theflow dynamicson thecompositiondynamicsis consid-
ered. Reviews on dynamicsandcontrol werepublishedby Tolliver andWaggoner(1980),
McAvoy andWang(1986)andSkogestad(1997).Practicalrecommandationsfor thecontrol
of distillation columnsare publishedby Shinskey (1984) andLuyben (1992) considering
dualcompositioncontrol,includingtheissueof controlconfigurationsselection.

Thereis acontinuousdevelopmentof rigorousmodelsof distillationcolumnsfor process
controlanddynamicstudies.Nevertheless,few of thesemodelssolvethematerialandenergy
balanceon eachplateusingmodelswhich incorporateplatehydraulicsandthedowncomer
dynamic.Further, theperformanceof theprocesscanseldombepredictedby modelswhich
excludefluid hydraulicsandchangeof physicalproperties.

However, theapplicationof highly complex modelsfor controlstudiesis notalwaysnec-
essary. The existenceof a rigorousmodelof the systemenablesthe studyof the relative
importanceof differentfeaturesandcanverify simplificationsof simplifiedmodels.Theob-
jectiveof amodelis to describeadynamicsystemaspreciseasnecessaryandthecomplexity
of themodelconsideredis stronglydependentontheintendeduseof themodel.Modelswith
neglectedtray hydraulicsaresufficient for the steadystateoptimizationof an entireplant,
while they areinsufficient in theselectionprocessof a new controlsystem.

For the development,validationandverificationof a control system,the modelhasto
representthe initial responseof a given unit to stepchangesof the manipulatedvariables
or disturbancescorrectly, sincethecontrol systemis supposedto limit deviationsfrom the
intendedpoint of operation. Further, the processof modelinghasto considerthe design
dataof a particulartray, theoperationpoint of theplantandwill oftenencountertheuseof
empirical functionsto describesomephenomena.Correctmodelingof e.g. the hydraulic
time constantof the liquid flow is importantin this respect.The liquid lag over a staged
columndecouplesthecompositionresponseof thecolumn,which is from a controlpoint of
view anadvantage,sinceit opensfor somewhatslowercompositionmeasurements.

Low orderdynamicmodelscanbeusedfor severalpurposes,for examplefor thederiva-
tion of analyticalexpressionsto gaindeeperinsight into thedynamicbehavior of a process.
Further, low ordermodelcanbeappliedfor simulationandcontrollerdesign.However, the
derivationof low ordermodelsfrom rigorousmodelsby combiningsub-models(onefor the
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dominantcompositiondynamics,onefor theholdups)mayresultin inconsistantmodels.Ja-
cobsenetal. (1991)suggestedto derivelow orderlinearmodelsfrom(numerical)linearizing
thenonlinearrigorousmodelcombinedwith subsequentmodelreduction.

1.2.1 RigorousModels

Modelsareoftenclassifiedas“rigorous” or “simplified” models.Rigorousmodelsfor equi-
librium stagesconsistof massand energy balancewhich include somekind of flow and
pressuredynamicaswell asthe thermodynamicrelations. The flow dynamicdescribethe
changesin liquid holdupon astagebecauseof variationsin liquid andvaporflow, while the
pressuredynamicprimary influencethevaporholdupon a stage.Consideringthestagede-
sign(seeFigure1.2)of acolumntheliquid holduphas(sometimes)to besplit into liquid on
thetray anddowncomerwhich resultin twice asmuchstatesperstage.Nevertheless,even
in the most rigorousmodelcertainsimplificationsasthermalandmechanicalequilibrium
or assumptionof perfectmixing in the phasesare introduced. The thermodynamicequi-
librium (vaporliquid equilibrium)canbecorrectedby introducinga simpleMurphreetray
efficiency for eachcomponent.Commonly, theeffect of heatlossesto thesurroundingsand
thedynamicof thecolumnstructureareneglected.
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Figure1.2: Controlvolumeon astage

Assumptionsfor anequilibriumbasedstagemodel:

A1 perfectmixing in bothliquid andvaporphase

A2 thermodynamicandmechanicalequilibrium(assume100% tray efficiency)

A3 neglectheatlossandthermalcapacityof columnstructure

A4 consideronly normaloperation(e.g. noflooding,weeping)
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AssumptionsA3 andA4 canberemovedeasilyby extendingthemodel.
Thedifferential-algebraicsystemof equationsto describea “staged”distillation column

(seeFigure1.2)basedona UV-flash,consistof thecomponent-massbalance:� ���������� ��� ����� ��� ��� �! � � ��� � � �"$# �&% ��� �'�)( �&% ��� �' # � �)( � � � (1.1)

where
�*� � �	� � � " ��+ � � with

�*� � � ascomponentholdupof component, onstage- . Thisare.0/  21 independentcomponentbalancessince
��� �432576� ��� � � . �	� � � representstheentire

liquid holdup(tray anddowncomer)and
�*+ � � the molar holdupof the vaporphase.Both

liquid andvaporphasearesubjectedto somedynamicsbecauseof changesin liquid and
vaporflow (flow dynamics,seeEquations1.3and1.4).

Theenergy balanceover thestage�98 ��:�;�<� �=� �>�@? � � ��� �A � � �@? � � � "B# �C% ��� �'�@? + � �C% �� # � �@? + � � (1.2)

with
8 � � �	� � � �9DE? � � �  GF�HJI �&K " ��+ � � �7DL? + � �  MFNH@I +�K . Theflow dynamicsof theliquid leav-

ing thetray anddowncomeraredescribedby algebraicandempiricalequationswhich link
hydraulicandstagedesign,determinedby

� � ��O D �	� � �QP #�RTS PVU F �QPXWZY)[]\^Y �`_ ( K (1.3)

andthevapordynamic # � �2O D �*+ � �QP #NRaS PVU F �QPXWZY)[@\^Y �`_ ( K (1.4)

Thesecorrelationsconsiderthe designof a stageandcanbe found in e.g. Bennettet
al. (1983),Lockett (1986),Rademaker et al. (1975),or Stichlmair (1978). Additionally,
thermodynamicrelationsto describetheflashrelation(VLE) givenbyD 8 ��P #�RTS PV���TKcb Dd� �QP ( �QPXeN�QP F �EP ? � � �QP ? + � �EPf�	� � �QPf��+ � �TK (1.5)

betweenliquid andvaporphasearenecessary.
GiventheaboveassumptionandtheconstantstagevolumeimpliesthataUV-flashhasto

besolved.Thedefinitionof aUV-flashis: Giventheinternalenergy U, volumeof astage,
#�RTS

andthecomponentholdup
�*� � � , aflashcalculationis performedcomputingtheratioof vapor

andliquid on thestage(
�	� � �N��+ � � or phasesplit), compositionof vaporandliquid phase( � �

and ( � ), aswell aspressureF andtemperature
e

. In a recentreview paperon distillation
(Skogestad,1997)arealmostnoreferenceslistedwhichapplythisapproach.Papersby Gani
et al. (1990)on designansimulationof complex chemicalprocessandFlatbyet al. (1994)
seamsto betheexception.

An alternativemodelby Retzbach(1986),proposea ratebasedmasstransfercorrelation
betweenphases,includinghydraulicandpressuredropcorrelations.Therigorousmodelof
Retzbachis primarily developedfor thenonlinearsimulationof a multi-componentmixture
in adistillationcolumnwith sidestripper. Thetrayhydraulicmodelsappliedareextensively
describedby Stichlmair(1978),simplificationsareintroducedto simplify for applicationof
themodelin acontrolstructuresynthesis.



8 1. Intr oduction and Literatur e Review

1.2.2 Simplified models

Solvinga dynamicdistillation columnwith a thatcomplicatedmodel(seeoutlinein section
1.2.1)oftenrequiresa considerableamountof bothtime andresources(computerpower) to
solve thesetof differential-algebraicequations.

Neglectingthe vapor holdup
Themostcommonsimplificationis to neglectthevaporholdup(

�	g � � �<h ), whichis valid for
moderatepressure(1 - 10 Mpa) distillation, neverthelessfor applicationswerethe (molar)
vaporholdupexceed20 %, ChoeandLuyben(1987) recommendthat the vaporphaseis
includedin massandenergy balance.

The assumptionthat the vapor phasecan be neglectedresult in somewhat unrealistic
responsesof the modelto a stepin vaporflow. The vaporflow changewill propagateim-
mediatelythroughthecolumn,this is a stepin theflow leaving thereboilerwill changethe
vaporflow at theuppermoststageinstantaneous.

Simplifiedmodelsin theabovedescribedmannerfor nonlinearsimulationsof distillation
columnsaredevelopedby e.g. Ruiz et al. (1986)andGaniet al. (1986).Thework of Gani
et al. (1986) is focusedon the developmentof a generaldynamicmodel including tray
hydraulics,heattransfer, vapor-liquid equilibriumandpredictionof thephysicalproperties
which is numericallyrobust. Themostimportantmodelingassumptionweretheneglection
of the vaporholdupand that reboilerandcondenser/accumulatorare representedthrough
their componentmass-balances.Thesemodelshave beenusedprimary for the simulation
of theopen-andclosed-loopresponseof distillation columns,investigationof start-upand
shut-down proceduresandtheverificationof platehydraulicdesign.

The energy andmassbalanceover a stagearesimilar to thesepresentedin Equations
1.1 and1.2, exceptfor where

��� � ��� � � and
8 � � �	� � � �i? � � � sincethe vaporphaseis ne-

glected.Theliquid hydraulicis givenin equation1.3. Thethermodynamicflashcalculation
performedis a bubblepoint flashwith known componentholdup

�*� � � andspecificliquid
enthalpy ? � � � oneachstage.

D 8 ��P #�RTS PV���TKcb Dd� �QP ( �QPXeN�QP F �EP ? � � �QP ? + � �EPf�	� � �QPf��+ � �TK (1.6)

Commonlyusedis the assumptionof constantpressureandnegligible vaporholdupin
a distillation columns,becausepressureis tightly controlledin mostapplicationssuchthat
assumingconstantpressureseamsreasonable.

Simplified energy balance
A commonassumptionis theapproximationof j ��k ? � � � in caseswherethevaporholdupis
neglected.Theenergy balancegivenin equation1.2 is reducedto�78 ��:� � � ��� �@? � � ��:� � ��� � � ? � � ��:� " ? � � � � � ����:� (1.7)

combiningEquation1.7with themassbalanceon astage(seeEquation1.1)resultsin�	� � � � � ? � � ��:�l��� ��� ���iDE? � � ��� �� m? � � �dK "B# �C% �A�nDE? + � �C% �> o? � � �aK "p# � �nDL? � � �  o? + � �TK (1.8)
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Thissimplificationwill bereasonablecorrectevenfor moreextensiveholdupchanges,since
theterm

� ��� H �:� is consideredin theenergy balance(seeEq. 1.7).
Furthersimplificationof theenergy balanceis achievedby assumming

� ? � H �:�rq h and
constantliquid enthalpy on all stages,? � � � � ? � . This assumptioncanbeusedby definition
of the correctreferencestate,which shouldbe the purecomponentassaturatedliquid at
a given referencepressure.Applying this definition give different referencetemperatures
(componentsboiling pointsate.g. columnpressure).��� � � ? � � ��:�l�<h0� # �C% �A�nDL? + � �C% �� m? � � �aK "B# � �nDE? � � �  o? + � �dK (1.9)

from thisalgebraicenergy balance,thevaporflow leaving astagecanbecomputedfor cases
wherethe heatof vaporizationof the componentsis considerablydifferentat the column
pressure.

1.2.3 Constantmolar flow model

For similarheatof vaporizationof thecomponentsandtheabovedefinedreferencestatesthe
equimolarflow assumptioncanbederived,suchthattheenergy balanceis finally reducedto# �=� � � # �

(1.10)

Thevaporflow overtheentirecolumnis constant,exceptatplaceswherevaporis introduced
or withdrawn from thecolumn.Finally, themassbalanceis reducedto� ����:� ��� ��� �A � � (1.11)

The componentbalanceis identical to Equation1.1. Dynamically, the tray holdup
�	� � �

variessuchthat the liquid flow over thecolumnis not constant.Theliquid dynamiccanbe
describedby meansof a linearizedtray hydraulic(seeEq. 1.12) to modeleffectsof liquid
andvaporflow changeson theoverallcompositionresponse.

In somecasesanenergy balanceasgivenin equation1.10will give a reasonablemodel
in caseswheretheheatof vaporizationof thecomponentsaresimilar. In theoppositecase,
theinternalflow will affect thecompositionthroughthecompositionmaterialbalance,while
thecompositionsaffect theflow throughtheenergy balance.

1.2.4 Simplification of the liquid dynamics

Detailson theflow dynamicsfor trayeddistillation columnsarepublishedby Rademaker et
al. (1975).For modelsutilized for thedevelopmentof ane.g. feedbackcontrolsystemof a
distillation columna linearizedtray hydraulicsis oftensuitable.Linearizedtray hydraulics
arepresentedby Rademaker etal. (1975)andSkogestad(1988)U � � �2� U # � " 1� � Us��� (1.12)
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The coefficient � representthe vaporconstant,the initial effect of a vaporflow changeon
the liquid flow and � � is the liquid hydraulic time constant. If we assumeconstantmolar
flows, the massand”energy” balanceshown in Equations1.10and1.11arevalid andthe
flow dynamicsis decoupledfrom thecompositiondynamic. Laplacetransformationof the
massbalance1.11andrepeatedcombinationwith equation1.12 (Rademaker et al. 1975)
give for disturbancesin refluxflow

U ��t andvaporflow
U #�uU � u � WJv9U ��t " Dw1x WJv7KwU #Nu (1.13)

WJv � 1D`1 " � � � t K 5�y �nD`1 " � � � u K 5Nz (1.14)

where� � q2{ v H . .
With

. t and
. u

asthenumberof stagesin therectifierandstrippersectionrespectively.
Thevaporconstant� andtheliquid hydraulictime constant� � aredependenton thecolumn
loading,suchthat in generalthey aredifferentfor the individual sections.A moredetailed
discussionon thehydraulicsof adistillationcolumnis givenin chapter2.

1.3 ContinuousDistillation

Theliteratureoncontinuousdistillationis extensive,soanindepthreview ondistillationwill
not begivenin this thesis,thefocuswill beon aspectsof modelinganddynamicsimportant
for compositioncontrolof continuousdistillation.

The dynamicsandcontrol of distillation columnsinvolvesa multitudeof issues. The
modelingprocessof a distillation columninvolvesthechoiceof a suitablemodelstructure
whichdescribetheinvestigatedsystemsufficentlywell for acertainpurpose;e.g. modelused
in investigationsconcerningthecontrolof adistillationunit shouldconsidertheflow dynam-
ics. Firstprinciplemodelswill beusedfor thecompositiondynamics,empiricalcorrelations,
consideringthedesigndataof a unit, areoftenappliedto takecareof flow dynamics.

Theidentificationof modelparametersandtheverificationof modelsfrom availableop-
erationanddesigndatarequirean iterationbetweenmodeling,simulationandexperiment.
Determinationof modelparametersbasedon simpleexperimentswhich canbe performed
duringnormaloperationof adistillationcolumnwill simplfy thisprocess.Theseexperiments
includee.g. traditionalstepresponseanalysiswereonemanipulatedvariableis steppedat a
time, tracerinjection at the top to determinethe liquid holdupandpressuredrop measure-
mentsover thecolumnsections.

Basedon a rigorousmodel,which is validatedon experimentaldata,modelsimplifica-
tionscanbeintroducedandtheir influenceonthecompositionresponsewill beinvestigated.
Thehydraulicsof theliquid andvaporflow couldbelinearizedto achieve low ordermodels,
which lateraidasabasisfor theselectionof controllertypesandstructure.In thethesis,the
inital responseof a distillation columnto changesin manipulatedvariableswill be investi-
gated.
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1.3.1 Initial responsein Continuous distillation columns

Detailedknowledgeof theinitial responseof adistillationcolumnis necessaryfor thedesign
of a controlsystem.Thefastresponseof a controlsystemrely on theinitial behavior of the
process.For automaticcontrolthegainfromaninitial steadystateto afinal steadystateis not
thatimportantcomparedto theshapeof theinitial response,sincedeviationsfrom thesteady
state(set point) arenever allowed to becometo extensive. Severecontrol limitations are
encounteredfor responseswhich have aninitial inverseresponse,in thesecasesthecontrol
systemhasto “wait” until theresponsechangesdirectiontowardsthenew steadystate.

Thetransientresponseandtheirmodelingwasthetopicof anextensiveresearchprogram
by Baberetal. (1961),they investigatedtheresponsesof afivetraystrippingcolumnto step
disturbances.Baberet al. (1961,1962)doneexperimentson feedcompositionchanges,
vaporandliquid flow stepchangesandinvestigatetheinfluenceof theliquid holdupon the
stageon thecompositionresponseof thecolumn.

DuringthemodellingphaseBaberetal. (1961)foundthattheliquid holdupin thedown-
comercouldnot beneglected,to keepthemodelsimplethey combinedtheliquid holdupof
tray anddowncomer. Baberet al. (1962)reportan error in the initial reponseof up to 32
% of theinitial time constantwhenthedowncomerholdupis neglected.Furtheron reboiler
holdupdependenttray responseswerereported(Baber, 1962). Overall they concludethat
the relative simplelinearizedmodelfrom Lamb et al. (1961)may be usedto characterize
the transientbehavior of the investigatedpilot plant. SproulandGerster(1963)continued
the researchandfocuson the initial responseandaccepttheobservedsteadystateerroras
acceptable.

In thepaperby Wittgenset al. (1995)a pilot plantdistillation columnis modelled.The
model,basedonfirst principleswastunedto describetheinital responseof theunit. Similar
researchwaspresentedby Betlemetal. (1998)presentinganinvestigationof theinfluenceof
thetray hydraulicson thedynamicsof a trayedcolumn.Theresultingdynamicbehavior of
astageddistillationcolumnis investigatedby linearizingtherigoroustraymodel,especially
theinfluenceof changesin thevaporflow on thecolumndynamicsis considered.

1.3.2 Experimental determination of operational parameters

Experimentaldeterminationof theinitial responsesof a pilot plantdo not necessaryleadto
generalcorrelationsof the transientbehavior of distillation columns.This limited general-
izationof theresultsis dueto thelimited rangeof operationalconditionsandliquid andvapor
holdupin agivensystem.A furtherlimitation is theinfluenceof auxiliaryequipmentsuchas
accumulator, condenserandreboiler, which influencetheinitial responseof theoverall sys-
temsignificantly. Nevertheless,we candeterminethemostimportanthydraulicparameters
andtheinteriordesignaswell astheir influenceon thedynamicsof agivensystem.Results
from a pilot plant cangive insight into the modelingof the systemby a setof differential
algebraicequations,combinationwith empiricalrelationsgiveanindicationsto performthe
fitting of parametersto matchtheobservedresponsesascloseasnecessaryfor a giventask.
Further, we gain insight in the necessarystructureof a modelandwhich operationaland
designparametersdeterminethehydraulics.
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From an experimentalpoint of view several differenttypesof measurementsareavail-
able.Theoperationof distillation units,bothcontinuousandbatchwise,dependson there-
liability andavailability of measurementsfor thematerialbalance(flow, level andpressure)
andcompositionbalance(compositionby gaschromatographor estimatedfrom tempera-
ture). Themeasurementof pressureandlevel canbeperformedby e.g. differentialpressure
sensors(Shinskey, 1984andBuckley etal. 1985),liquid flowsaremeasuredby variablearea
flow sensorsandtemperaturesby thermocouples.

Measuringthecompositionof productflows is a morecomplicatedprocess,a selection
of measurementdevicesis presentedby e.g. Rademakeretal. (1975).Theseincludeboiling
andflashpoint analyzers,refractive index, ultraviolett andinfraredlight analyzersandmass
spectrometers.Themostcommonon-lineinstrumentin industriesis thegaschromatograph.
Numerousoperationaldifficultiescharacterizetheseinstruments,Kister (1990)mentionthe
following problemsfor gaschromatographs:samplingandsampletime, frequentrecalibra-
tion, pluggingof samplinglines andsensitivity of the sensorto impurities. Theserequire
intensive maintenanceof theanalyzerandincreasetheoperationcosts.Samplingtime of a
gaschromatographcanbein therangeof 10- 30minutesandgiveriseto severecontrollim-
itations. Thelong samplingtime is causedby time consuminganalysisandtransportdelay
from theprocessto theanalyzer. Temperaturemeasurementsalongthecolumnhave proven
to bea reliable,fast,easyto maintainandcheapsensortype. Thecontinuousrecordingof
temperatureinsidea columnanda suitableestimationproceduregive a goodindicationfor
productcompositionchanges(Mejdell, 1991).

1.4 Batch Distillation

In batchdistillation thefocusis on theoperationandimplementationof a newly developed
multivesselbatchdistillation unit. This processenabletheseparationof a multicomponent
mixturein onesingleunit. Thedesignof theprocessis anextendedcombinationof conven-
tional, invertedandmiddlevesselbatchdistillationcolumn.Thereis not thatmuchliterature
in this particulararea,neverthelessextensive researchis doneon the operationof conven-
tionalbatchdistillationcolumns.Someof theseresearchactivities focusontheoptimization
of therefluxflow to thecolumnto eitherkeepthetopproductcompositionconstantor mini-
mizeenergy consumption.

Themultivesselbatchdistillationis usefulfor theseparationof multicomponentmixtures
frequentlyfound in the chemicalprocessindustries. The regenerationof multicomponent
mixturesof solventis only oneexamplefor theutilization of this new process.Splitting the
mixture into purecomponentsallow the recirculationof solventseven to processeswhich
requireanaccuratequailtycontrolof thefeedstockin e.g. theproductionof pharmaceuticals.

Althoughbatchdistillation generallyis lessenergy efficient thancontinuousdistillation,
it hasreceivedincreasedattentionin thelastfew yearsbecauseof its simplicity of operation,
flexibility andlowercapitalcost.For many yearsacademicresearchonbatchdistillationwas
focusedprimarily onoptimizingtherefluxpolicy (SørensenandSkogestad,1994).However,
in mostcasesthedifferenceto thesimple-mindedconstantreflux policy usuallyis small. In
practice,other issuesareusually more important,suchas the recycling of off-specprod-
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ucts,separationof azeotropicmixturesandpressureswingoperation.Morerecently, onehas
startedre-examiningtheoperationof batchdistillationasawhole.For example,for mixtures
with a smallamountof light component,a cyclic operationwheretheoperationis switched
betweentotal reflux operationanddumpingtheproduct(i.e. thecondenserholdupis intro-
ducedasan additionaldegreeof freedom)may be better(SørensenandSkogestad,1994).
The total reflux operationof a distillation columnsolve a givenseparationproblemwith a
unit which consistsof a minimum numberof stages.The distancebetweenoperationline
andvapor-liquid equilibriumline determineshow easytheseparationis or how many stages
arenecessaryfor agivenseparationwith agivenreflux(Perry1984).Thelargerthedistance
betweenoperationline andvaporliquid equilibriumin a McCabe-Thielediagramtheeasier
is theseparationof two components.Thetotal refluxoperationis from theviewpointof sep-
arationefficiency themostefficient operationmodeof a distillation column. Traditionally,
this operationpolicy doesnotprovideany product,sincewerecirculateall of thecondensed
vaporto thecolumnandno productis withdrawn (Coulsonet al. 1985). Nevertheless,ap-
plying theabovedescribedcyclic operationpolicy (Sørensen,1994)batchwisewithdrawl of
aproductis possible.

1.4.1 Conventional batch column

In conventionalbatchdistillation columns,a multicomponentmixture is separatedby re-
moving onecomponentat a time, eitherthemostvolatile is drawn over top (Figure1.3) or
alternatively the leastvolatile componentis removedfirst throughthebottoms(SeeFigure
1.4). Themostcommonoperationpolicy of a conventionalbatchdistillation columnis per-
formedwith constantreflux,frequentlyoptimalrefluxpoliciesto reduceenergy consumption
andtotal batchtimeareemployed,too.

Morerecently, onehasstartedre-examiningtheoperationof batchdistillationasawhole.
The total reflux operationof a conventionalbatchdistillation (or batchrectifier) wassug-
gestedindependentlyby Bortolini andGuarise(1970)andTreybal (1970). Treybal writes
thathefirst learnedaboutthetechniquefrom Gustisonin 1958,and“hasfoundit mostuse-
ful” andthatit “practically runsthedistillationby itself”. For mixtureswith asmallamount
of impurities,SørensenandSkogestad(1994)suggesta cyclic operationprocedurewhich
is an extensionof the procedureproposedby Treybal (1970). The operationis switched
betweentotal reflux operationanddumpingtheproductinto separateproducttanks(Figure
1.3),for thisconfigurationthecondenser(or morecorrectaccumulator)holdupis introduced
asanadditionaldegreeof freedom.Thesimplestoperationstrategy is with only onecycle,
that is, thecolumnis operatedundertotal reflux andthefinal productsarecollectedin the
condenserdrum andin the reboiler. The productsareaccumulatedin accumulatorandre-
boiler, andremovedwhenboth the desiredproductspecificationsareachieved (Figure1.3
with |}�~h ). By introducinga variableaccumulatorholdupwe enabletheaccumulationof
productandcanwithdraw theproductfrequentlyby dumpingtheaccumulator(Sørensenand
Skogestad,1994andNodaetal. 1999).Compositioncontrolof thisconfigurationis enabled
by e.g. controllinga temperature(secondarymeasurement)in thecolumnsectionandlet the
holdupin thereboilerandaccumulatorfloat.

Anotheralternative for this type of mixture is to ”invert” the columnby charging the
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feedto thetop andremoving a heavy productin thebottom(RobinsonandGilliland, 1950;
SørensenandSkogestad,1995).Thisconfigurationis shown in Figure1.4andis oftencalled
batchstripper. Investigationsby SørensenandSkogestad(1995)showed that an inverted
columnis moreeconomiqueto operatecomparedto aconventionalbatchdistillationcolumn
for mixturescontainingonly a smallamountof light component.
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Figure 1.3: Conventionalbatchdistillation,
feedchargedto thereboiler
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Figure 1.4: Inverted batch distillation col-
umn,feedchargedto theaccumulator

1.4.2 Heat integrated batch columns

Theeffectivenessof batchdistillation columnsoperatedundertotal reflux canbeincreased
by heatintegrationof several batchcolumns,wherethe condenserof onecolumnis inter-
connectedto thereboilerof thenext column(seeFigure1.5). This columninterconnection
is usedto minimizeenergy consumption,but requiresthatasufficient temperaturedifference
in theintermediateheatexchangers(condenser/reboilercombination)existsandis appliedin
separationswerethechemicalshavedifferentproperitesor shouldnot getin contactto each
other.

This schemecan be simplified considerablyby combiningthe columnssuchthat va-
por/liquidfrom onecolumnis feddirectly to thenext column.Thisis facilitatedby replacing
the intermediatecondenserandreboilerin Figure1.5 by anintermediatevesselwereliquid
andvaporarein directcontact,whichenablestheefficientuseof thelatentheatof thevapor.
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1.4.3 Middle VesselColumn

Combiningthepreviouspresentedschemes,conventionalandinvertedbatchdistillationcol-
umnandtheheatintegratedbatchdistillation columnsleadto thedesignof a middlevessel
column(seeFigure1.6). This typeof columnconsistsof a strippingandrectifying section,
suchthatproductsbothfrom thetopandbottomcanbewithdrawn; thefeedis chargedto the
middleof thecolumn(Bortolini andGuarise,1970). For binaryseparations,two operation
proceduresarepossible.First,afrequentrechargingof themiddlevesselkeeptheconcentra-
tion in themiddlevesselalmostconstant(rathercloseto ancontinuousdistillation column).
Second,themiddlevesselis filled in thebeginningandtheoperationis terminatedwhenthe
middlevesselis empty(Baroloet al., 1996).Separationof a ternarymixturewassuggested
by Hasebe(1992),themixtureis chargedto themiddlevesselanda light andheavy fraction
arewithdrawn simultaneouslyfrom the top andbottom,respectively. Theoperationof the
systemis stoppedwhenthedesiredproductpurity in themiddlevesselis achieved.
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Figure 1.5: Heat ingtegratedbatchdistilla-
tion column,feedchargesto reboilerandin-
termediateheatexchanger
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Figure 1.6: Middle vesselbatchdistillation
column,feedchargeto thecentertank

1.4.4 Multiple-effect Batch Distillation System

A generalisationof the previous presentedcolumntypesis a multivesselbatchdistillation
columnproposedby Hasebeet al. (1995). They proposeda processbasedon total reflux
operationwhereone can separatemore than two components,they denotethis processa
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“multiple-effect batchdistillation system”(MEBAD, seeFigure1.7). Theseparationprod-
uctsareaccumulatedin vesselsplacedalongthecolumnandtheirholdupsareintroducedas
additionaldegreesof freedom.

Thereareat leasttwo advantageswith thismultivesselcolumncomparedto regularbatch
distillationwheretheproductsaretakenover thetop,oneat a time. First,onecanavoid off-
specproductsandrecycling of these. Second,the energy requirementmay be much less
dueto themulti-effect natureof theoperation,wheretheheatrequiredfor theseparationis
suppliedonly to thereboilerandcoolingis doneonly at thetop. In fact,Hasebeetal. (1995)
show that for someseparationswith many componentstheenergy requirementmaybeless
thanfor continuousdistillationusing

.  ·1 columns.
Hasebeet al. (1995)proposeto controlthemultivesselbatchdistillation columnby cal-

culatingin advancethefinal holdupin eachvesselandthenusinga level controlsystemto
keeptheholdupin eachvesselconstant.For caseswherethefeedcompositionis not known
exactly they proposeto, aftera certaintime,adjusttheholdupin eachvesselbasedon com-
positionmeasurements.This scheme,involving theoptimizationof thevesselholdupsand
their adjustmentbasedon compositionmeasurementin thesevesselsis rathercomplicated
to implementandrequiresanadvancedcontrolstructureto implementthecontrollaw.

¸ ¹ º »
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Á Á
Â

ÂÂÁÂÁ Ã
¼ ¹ ¼ º ¼ »

Figure1.7: Multiple EffectBatchDistillation column

A possibleimplementationof theMultiple Effect BatchDistillation columnis shown in
Figure1.7 wherethe columnsareplacedbesideseachother, this schemerequirespumps
to bring the reflux flow from a vesselto an adjacentcolumntop. A simplified versionof
a multiple effect distillation columnis shown in Figure1.8 wherethe columnsarestacked
on top of eachother, the reflux flow out of the vesselsis controlledby valvesandgravity
replacesthe pumpingaction. Nevertheless,this schemeis lessflexible than the scheme
presentedin Figure1.7.Theschemeproposedby Hasebeis moreeasyto adaptto separations
with changingnumberof componentsanddifficulty (changein relativevolatilities)sincethe
reflux andvaporflow caneasilybereroutedthroughtheprocess.

1.4.5 Multi vesselBatch Distillation Column

All theabovedescribedoperationpoliciesmayberealizedin amultivesselbatchdistillation
columnwith both holdups,

���
, andproductflows, | � , asadditionaldegreesof freedom.
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A simplified flowsheetof the multivesselbatchdistillation columnis shown in Figure1.8.
The interconnectionof vesselsandcolumnsectionsforms a superstructureof the columns
shown in Figures1.3 to 1.7 andtheir operationstrategies. Thepreviouspresentedcolumns
canbesyntheziedby changingthevaporandliquid pathesthroughthesystem,e.g. vessels
canberemovedfrom thepathsuchthat liquid or vaporfrom onecolumnentersthecolumn
below/abovedirectly.
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Figure1.8: Generalmultivesselbatchdistil-
lationcolumn

With
.0/

vesselsalong the column and
with given pressureandheatinput, this col-
umnhas Ä .Å/  Æ1 degreesof freedomfor op-
timization;namelythe

.Å/  Ç1 holdups(e.g.,
controlledby the

.0/  Ç1 reflux streams)and
the

.0/
productrates.Thesimplestoperation

form of the proposedmultivesselcolumn,is
the total refluxoperation wherethe

.Å/
prod-

uct ratesaresetto zero( | � � h ).
Comparedto themoretraditionalcolumn

configurations,wherethe productsarewith-
drawn over thetop,oneat a time andtheuse
of off-cut fractionsto fulfill productquality
specifications,thereare at leasttwo advan-
tageswith themultivesselcolumn. First, the
operationis simplersincenoproductchange-
oversarerequiredduringoperation.Second,
theenergy requirementmaybemuchlessdue
to the multi-effect natureof the operation,
wheretheheatrequiredfor theseparationis
suppliedonly to the reboilerand cooling is
doneonly at thetop.

Hasebeetal. (1995)proposeto “control”
the total reflux operationof the multi-effect
batchdistillation columnby anoptimization
of the vesselholdupsand their adjustment
basedon compositionmeasurement. The
herepresentedcontrol structureis basedon
the ideato adjustthe reflux flow out of each
of theupper

.0/  G1 vesselsby controllingthe
temperatureat somelocation in the column
sectionbelow. Thereis no explicit level con-
trol, ratherthe holdup in eachvesselis ad-
justedindirectlyby varyingtherefluxflow to
meetthetemperaturespecifications.

Performingthe separationof a multi-componentmixture undertotal reflux individual
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componentswill accumulateaccordingto their boiling pointsalongthe column,provided
sufficient storagecapacity(e.g. by intermediatevessels) is availableanda non-azeotropic
mixture is separated.Assumethat the numberof stagesis large enoughin eachsection,a
pseudo-binaryseparationtakesplacebetweentwoadjacentvessels.Basedonthecomposition-
temperaturerelationSkogestadet al. (1997)proposea feedbackcontrolstructurebasedon.0/  ¾1 temperaturecontrollers(seeFigure 4.1). The feasiblity of the proposedcontrol
structurewasverifiedby simulation.Initial experimentalresultsof theoperationof themul-
tivesselbatchdistillation columnwerepresentedby Wittgenset al. (1997and1999). The
operationof themultivesselbatchdistillationcolumnopensfor somedegreesof freedomfor
optimizingof start-upandoperation,theseincludeinitial distribution of holdup(Skogestad
et al. 1997),setpointtemperaturesandcontrollertunings(Furlongeetal. 1999).

1.5 Thesisoverview

The study presentedin this work is focusedon dynamic issuesin batchand continuous
distillation. Fromindustrialperspective, thechoiceof distillation processdependsprimarily
on theamountof feedto beprocessed,otheraspectsincludethecomplexity of themixture
or if a flexible multi-purposefacility is required.In general,continuousdistillation column
will bechosenfor separatinglargefeedflows,conventionalbatchdistillationis usedin small
scaleproduction,wereflexible unitsarerequiredto solveavarietyof separationproblemsin
onemulti-purposeplants.

Theintroductorychaptergave anoverview overdistillation in general.Themodelingof
thedistillation processanddeterminationof parametersin a givenmodelwill bepresented
in the first part of this thesisaccompaniedby the experimentalverificationof a modelde-
velopedfor a continuousdistillation column. From a control point of view we will stress
theimportanceof theinital responseandmayacceptsteadystatedeviationswhenwe com-
paresimulatedandexperimentaldata.In thesecondpartof thethesis,thenewly developed
multivesselbatchdistillation columnwill be investigated.The total reflux operationpol-
icy anda new feedbackcontrol strategy for the multivesselbatchdistillation columnswill
bepresentedfollowedby theexperimentalverificationof thesimulationstudy. Finally the
presentedresultsarediscussedandtheconclusionsof this work aregiven.

All simulationstudiesareperformedin theSPEEDUP(1993)environment,thethermo-
dynamicpropertiesof thecomponentsarecomputedby meansof theASPENPropertiesPlus
package(1988). For simplifiedmodelswerea thermodynamicpackagewasnot necessary,
simplecorrelationsbasedon experimentaldatawereused,e.g. constantrelative volatility
replacethevaporliquid equilibriumor a linearrelationbetweenliquid compositionandtem-
peratureinsteadof anequationof stateto computethetemperature.
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Chapter 2

Evaluation of Dynamic Modelsof
Distillation Columns
with Emphasison the Initial Response

BerndWittgensandSigurdSkogestad

Extendedversionof paperpresentedat thesymposium:
DYCORD+’95,7-9 June1995,Helsingør, Danmark

Abstract

A rigorousmodelfor trayedhigh purity distillation basedon first prin-
ciplesis developped.The importanceof the tray hydraulicsto obtain
goodagreementbetweensimulationandexperimentis demonstrated.
Analytical expressionsto derive the hydraulic time constants� � , � +
and the vapor constant� for modelswith simplified tray hydraulics
are presented. The validity of thesekey parametersis verified by
comparisonto experimentaldata. In themodelwe assumedthe liquid
exiting the tray is clear liquid. We find that it is very important to
includethedowncomerdesign.

KeyWords Distillation dynamics;Initial timeconstant

2.1 Intr oduction

Simplified modelswhich simplify or neglect tray hydraulicsandenergy balanceareoften
usedfor studiesof distillation columndynamicsandcontrol. However, theapplicabilityof
suchsimplemodelsfor this purposeis often questionedby practioneers.This critique is
indeedreasonableasoneknowsthatthetrayhydraulicsarecrucialin determiningtheinitial
dynamicresponse,which is of key importancefor control.

The objective of the paperis to derive modelsthat are assimpleaspossiblewhile at
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the sametime matchthe behavior of real columns. We considertwo kinds of models: 1)
Simplifiedmodelswherethetray hydraulicsis takencareby simpleparameterssuchasthe
hydraulictimeconstant� v andthevaporconstant� ; and2) Modelswith detaileddescription
of thetray hydraulics.

Themostimportantparametersfrom anoperationalpoint of view arethe liquid holdup�	�
, thehydraulictimeconstant� � , theparameter� for theinitial effect of a changein vapor

flow on liquid flow, the fraction of vapor on the tray and the pressuredrop. Thesekey
parametersmay be determinedfrom either 1) experiments,2) simulationor 3) estimated
from analyticalexpressionsbasedon linearizingthedetailedmodelequations.Oneproblem
is to getconsistentresultsfrom thedifferentmethods.

In this paperwe comparethedynamicsof a laboratory-scalehigh purity distillation col-
umn with thoseof a rigorousandsimplified dynamicprocessmodel. We find that a very
detailedmodel is neededto matchclosely the responsesof the real experimentalcolumn.
Theobjectiveof theexperimentalwork wasto evaluatethetheoreticalsimulationresultsand
gainfurtherinsightinto thecomplexity of therequiredmodel.

2.2 Modelling

Therigorousmodelhasa seperatemassandenergy balancefor holdupson tray anddown-
comer. Theholdupon thestageis computedfrom pressuredropcorrelationsandthegeom-
etry. Thedowncomeris modelledasa mixing tank. Theflashcalculationis performedasa
UV-flash.

For the secondmodel the molar liquid holdupof the stageis the combinedholdupof
tray anddowncomer, the vaporholdupis neglected.The tray hydraulicsis linearizedwith
onehydraulictime constantfor the liquid flow anda vaporconstantto describethe vapor
hydraulics. Sincethe flashcalculationis reducedto a p,x-flash,pressureis not longerthe
driving forceof thesystem.Theliquid flow from thestageis computedby a linearfunction,
while asteadystateenergy balanceis appliedto determinethevaporflow from thestage.The
liquid time constant� v andthevaporconstant� areconstantfor eachsection.To allow the
thermodynamicpackageto computeliquid enthalpy, equilibriumconstantandtemperature,
thepressureoneachstagehasto beset.

2.2.1 RigorousTray Model

AssumptionsThe total holdupof the tray consistsof liquid andvaporholdup. According
to thegeometryof the interiourof thedistillation column,seeFigure2.1, the liquid holdup
on the tray is devided into liquid on theactive tray areaandliquid in thedowncomer. The
following assumptionsaremade:

R1 two-phasesystemin thermalandmechanicalequilibrium

R2 perfectmixing in vaporandliquid phases

R3 no heatlossesto thesurroundings
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R4 no heatof mixing

R5 temperaturedynamicsof thecolumnstructureis neglected,this is, no heatis storedin
themetal

Conservationof internalenergy andconstantvolumeof thesystemimpliesthattheflash
calculationis solvedasanUV-flash.Theassumptionof identicalpressureandtemperaturein
liquid andvaporphaseis necessaryto enableaconsistentsolutionof thephysicalproperties
for eachcomponent.

Note that thereis no flashcalculationperformedon thedowncomerholdup. Thevapor
compositionis in equilibrium with the liquid on the tray andthe vaporvolumeof the tray
anddowncomerarecombined.
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Figure2.1: Controlvolumeon astage

Material and Energy Balance
The balancespresentedarevalid for a stage
without feed,sidedraw andexternalheating
or cooling.Somemodificationsaremadefor
thereboileranddowncomer.� ������ � # � È ( � È � � " � � È � � È � �QÉÊÉ&É #�ËEÌfS ( ËEÌfS � �  � S � S � � (2.1)

The total componentholdupon thetray, this
is liquid on thetrayandvaporabovetrayand
downcomeris:��� � � S=Í�ÎwÏ � S � � " ��+ ( ËLÌ�S � � (2.2)

Thetotalmolarholdupon thetray givenby:ÈÐ ��Ñ � � � � S=Í�Î`Ï'" ��+
(2.3)

Theenergy balanceof thetray�98 S=Í�Î`Ï��� � # � È ? + � � È " � � È ? � � � È  #�ËEÌfS ? + � ËEÌfS  � S ? � � S (2.4)

wherethetotal internalenergy is describedby8 S=Í�Î`Ï � ��+ DE? + � ËEÌfS  FI + K " �	� DE? � � ËLÌ�S  FI � K (2.5)

A similar setof equationsis appliedto thedowncomermaterialbalance:�	
`/ � ��:� ��� S � S � �  � ËEÌfS � � � ËEÌfS � � (2.6)
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thecomponentbalance: �	
 � ÈÐ ��Ñ � �	
`/ � � Ò �	
`/ � � � �	
 � ËEÌfS (2.7)

theenergy balanceof thetray: 8 
`/�:� �Ç� S ? � � S  � ËLÌ�S ? � � ËEÌfS (2.8)

andthetotal internalenergy: 8 
`/ � �	
 ? � � ËLÌ�S (2.9)

wereweneglectthepressuredependentpart.

Vapor-Liquid Equilibrium
Thethermodynamicequilibriumof vaporandliquid, is describedby Raoult’s law.( ËEÌfS � � �<Ó � � ËEÌfS � � Ò ÈÐ �=Ñ � ( ËEÌfS � ÈÐ ��Ñ � � ËEÌfS (2.10)

Thecompositionof thevaporleaving the tray is computedby theMurphreetray efficiency
coefficient Ô � � ( ËEÌfS � �  Õ( � È � �(JÖE×Ø� �  Õ( � È � � (2.11)

with (ÙÖL×Ø� � astheequilibriumvaporcompositionat giventray temperatureandpressure.The
compositionof thevaporthatwouldbein equilibrium, (ÙÖL×Ø� � , with theliquid leaving thetray.

Holdup Distrib ution
Theliquid andvapormolarholdupon thetray is relatedto thetotal tray volumeby:#�S=Í�Î`Ï � � S=Í�ÎwÏI � " ��+I + " �	
`/I � (2.12)

Themolarvolumeon tray is computedby� S=Í�Î`Ï � ? /a�iÚ Î / S �Û+ Ö�I:Ü � � S�2ÝÞ� � S (2.13)

andof thedowncomer �	
`/ � DE? 
`/ßÚ¬
`/ "B# 
w/aàfK I:Ü � � 
�2ÝÞ� � 
 (2.14)

Froth Density
We have choosento usethe correlationpresentedby Bennett(1983)to computethe froth
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densityandthusthe liquid holdupon thetray. Thevelocity of thevaporthroughtheactive
tray areais: á Î / S �Û+ Ö � # � È �2ÝG+Ú Î / S �Û+ Ö>I:Ü + (2.15)

andthefree(hole)areaof thesieve tray.áJâ Ë � Ö � á Î / S �Û+ Ö Ú Î / S �ã+ ÖÚ â Ë � Ö (2.16)

thedimensionless(superficial)velocity factorÓ R � á Î / S �Û+ Öåä I:Ü +I:Ü �  ÀI:Ü + (2.17)

thefroth density æ is expressedby æç� Y ��FèDa��� ÓMé�êR K (2.18)

with theseparameterstheclearliquid height ? /T� on thetray is? /a� ��æ DL?7ë9Ö � ÍA"íì ? Ë ëæ¾î é�ï K (2.19)

The parameter��� to ��� areempiricalconstantsdeterminedfrom experiments.If the com-
putedfroth height, ? /a� H æMð ?7ë9Ö � Í , theliquid leaving thetray is setto zero.

Hydraulic Model
Themodelingof the tray hydraulicis basedon empericalcorrelationselectedfrom the lit-
erature.Thesecorrelationsarenot necessarilythe bestavailable. The appliedcorrelations
allow fairly accuratepredictionsandareeasyto implementationin themodel.

Flow over outlet weir
Theliquid flowing over thecircularweir from thetray to thedowncomer, is computedwith
a modifiedFrancisweir formula (Perryet.al., 1984). Note that we assumethe liquid exit-
ing the tray over weir is clearliquid. Sincetheoutletweir is placedoff centertowardsthe
columnwall, the liquid heightabove theweir ? Ë ë will not beconstant.Thereareno exist-
ing correlationswhichdealwith theconvergingflow overoutletweirsin distillationcolumn
(Lockett, 1986). Takingthedesigninto consideration,we chooseto correcttheweir length
with a factorof 0.5. ? Ë ë �Çñ:ñ�ò:h:h ì óh Éãô � ë9Ö � Í î àXõ öQà � (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-
suredropovera plate.Theflow underthedowncomerapronis modelledby aninstationary
Bernoulli equation.Thecomputationtakesthepressurelossdueto friction andtheacceler-
ationof theliquid underthedowncomeraproninto consideration.� F�÷ � ÎwS ÖI:Ü � � W ? 
`/  mø áiù
`/  � á 
`/�:� (2.21)

wherethevelocityundertheapronis á 
`/ � ó SÚ Î ÷ Í�Ë È (2.22)

andthecharacteristiclengthL is choosento beequalto theheightof thedowncomerapron.

Pressure drop correlation
The total pressuredrop

� F�÷ � Î`S Ö over a plate is the differenceof the pressureof the vapor
enteringthetray andthevaporleaving thetray:� F�÷ � ÎwS Ö � F + � � È  GF + � ËEÌfS � � F RTS�Î`S �=/ " � F 
 ÍQÏ (2.23)

This is equalto the sumof the liquid headon the tray,
� F RTS�Î`S �=/ and the dry pressuredrop� F 
 ÍQÏ . Thepressuredropdueto theliquid headon thetray is� F RTS�Î`S �=/ � W ? /a� I:Ü � (2.24)

Accordingto Lockett (1986)thehydraulicgradientfor sieve tray distillation columnof
small diameter(lessthan0.5 m) is negligible. Numerouscorrelationsfor the dry pressure
dropareavailable(e.g.: Liebsonet al. 1957)wehavechoosen:� F 
 ÍQÏ � I:Ü � ô 1ú ùË I:Ü +I:Ü � áiùâ Ë � Ö (2.25)

Thermodynamic Properties
The thermodynamicpropertiesof thecomponentsarecalculatedby theASPENPROPER-
TIESPLUS(1988)package.

2.3 Simplified Model with Linearized Tray Hydraulics

Moderncontrol systemsynthesisis basedon the statevariablerepresentationof the plant
model.In applyingthesetoolsto higherordersystems,suchasdistillationcolumn,practical
reasonsduringcontrollerdesignrequireanorderreduction.This is, thelargenumberof state
variablesobtainedby modelsbasedon first principle hasto be replacedby a considerably
smallersetof suitablestatevariables.Thepreferedmodelis obviousonewith a first order
plus deadtime characteristicfor the stagemodel. During model reductionthe hydraulic
lag (of theliquid flow) hasto bepreserved.Modelswith linearizedtray hydraulicsaremost
commonin practicaluse(Rademaker, 1975andSkogestad,1988)asthissimplifiesthemodel
considerably.
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2.3.1 Tray Model

The holdupof tray anddowncomerarecombinedto oneliquid holdupwhich is similar to
thetotal liquid holdupof therigorousmodel.Thelinearizationof thetrayhydraulics(Equa-
tion 2.27)is donebasedon thehydraulicrelationshipsof the rigorousmodel(seeEquation
2.12to 2.25). Theenergy balanceis doneover theentirestageholdup. Additionally to the
assumptionR1 to R5 for therigourousmodelthefollowing assumptionsaremade:

SH1 vaporholdupneglected

SH2 combinetray anddowncomerto oneliquid holdup

SH3 assumej �ck ? � ,

 âfûãü ýTþwÿ
 S k h , this is a ratherroughassumption,especiallysincethe

referencestatefor thethermodynamicis Ä ô Ë ú
SH4 linearizedtray hydraulics

SH5 F = conston eachtray

Underconsiderationof assumptionSH1to SH2thematerialbalanceis similar to Equa-
tion 2.1 to Equation2.3. AssumptionSH3simplifiestheenergy balance,which is now used
to computethevaporflow leaving thetray:#�ËEÌfS � 1? + � ËLÌ�S  m? � � ËLÌ�S D # � È DL? + � � È  m? � � ËEÌfS K " � � È DL? � � � È  o? � � ËEÌfS KØK (2.26)

Thevapor-liquid equilibriumis describedby Equation2.10.Thetrayhydraulicsis expressed
by: � ËEÌfS �<� ËLÌ�S � à " � D # � È  # � È � àfK " 1� � D �	�  �	� � àfK (2.27)

2.3.2 Linearized Tray Hydraulics

In thissectionweusethesimplifiedtrayhydraulicswhich is proposedby Rademaker (1975)
andSkogestad(1988).Simpleexpressionsfor thekey parametersdescribingthehydraulics,
namley thehydraulictime constant� � andtheeffect of vaporflow on liquid flow thevapor
constant� will bederived.For simplicity, thevaporholdupis neglectedandconstantmolar
flow is assumed

# � È � #�ËEÌfS
.

Linearization
It is assumedthat the liquid flow, � ËLÌ�S , from a stageis directly affectedthroughthe vapor
flow in ,

# � È , (indirectly throughits effect on the liquid level) andby the holdup(mass)on
thetray

�
. Linearizingthis relationyields(Rademaker et al. 1975,SkogestadandMorari

1988) � � ËEÌfS � ì�� � ËLÌ�S� # � È î�� � # � È " ì�� � ËEÌfS� � î g � ���� � # � È " 1� v � � (2.28)
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Notethatthis relationshipis assumedto holddynamically. We wantto obtain � and � � from
steadystaterelationshipsfor the liquid holdupon the stagefound from designdataof the
column. The liquid holdupcanbe expressedby the following relations

� � O D � P # P � F K
with pressuredrop

� F � O D � P # K . Linearizetheseexpressionsand assume� � È � � ËLÌ�S
yields: � � � ì�� �� � ËEÌfS î g � � ËEÌfS7" ì�� �� # � È î v � # � È�Ç� v � � ËEÌfS�" � g � # � È (2.29)

Notethatthis equationsonly holdsat steadystate.After obtaining� � and � + wemayexpress� by � �  � g� v (2.30)

Thisfollowsbysetting
� � �Çh in Equation2.28and2.29andrearrangeto get D � � ËEÌfS H � # � È K � .

Estimation of hydraulic time constantsfr om column designdata
Theliquid holdupdistrubutiononthestage(trayplusdowncomer)is shown in Figure2.1.To
simplify thederivationthevaporholdupis neglectedandall liquid holdupis in termsof clear
liquid. Theliquid holdupdependson geometry, liquid andvaporflow. Theliquid holdupof
a stagecanbesplit up into liquid on the tray

� S=Í�Î`Ï
andin thedowncomer

�	

. The liquid

holduponthetraycanbedividedinto liquid under,
� Ì ë , andover,

� Ë ë , weir. Theholdupin
thedowncomerconsistsof theliquid in thesealpan

� R Ö Î � (or behindtheinlet weir), holdup
dueto hydrodynamiclossesunderthedowncomerapron,

�	� Ë�RER
, holdupdueto dry pressure

drop
�	
 ÍQÏ

andtheamountof liquid correspondingto theclearliquid heightonthetray,
�	
`/

.
Theliquid holdupin thesealpanis independentof thevaporor liquid flow. Sincetheheight
of clearliquid on thetrayandthecorrespondingheightof liquid in thedowncomer(denoted? /T� in Figure2.1 ) dependequallyon liquid andvaporflow, theseholdupsarecombinedto�

. To simplify thecomputationof thepartialderivativeswe combinetheliquid holdupson
the stagedependenton the vaporflow to

��/T�
andconsiderthe liquid flow dependentpart� Ë ë separately.

Theholdupis relatedto geometryandflowsby thefollowing relations:� ��O D � ËEÌfS P # � È K Ò � � � S=Í�Î`Ï'" �	
`/
(2.31)� S=ÍQÎwÏ � � Ì ë " � Ë ë � Ú Î / S �Û+ Ö>I � ? /a� (2.32)�	
`/ � Úr
w/ I � ? /a� (2.33)� Ë ë �<O D � ËEÌfS KMÒ � Ë ë � Ú Î / S �Û+ Ö>I � ? Ë ë (2.34)
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 ÍEÏ �2O D # � È KMÒ �	
 ÍQÏ � Úr
`/ � F 
 ÍQÏW ��Ý*� (2.35)

�	� Ë�RER �2O D � ËEÌfS KGÒ �	� Ë�RER � Ú¬
`/ I � ø á ù
`/W (2.36)

The clear liquid height is definedin Equation2.19. The heightover weir ? Ë ë is obtained
from Equation2.20,finally thedry pressuredropis computedfrom Equation2.25.

Assumingconstantmolarflowsover thetray wecanexpressthehydraulictimeconstant
of vapor � + andliquid � � of Equation2.29by changesin liquid holdupon thestage.� g � ì�� �	
 ÍQÏ� g î v " ì�� �	/a�� g î v (2.37)

� v � ì � �	� Ë�RER� v î g " ì � � Ë ë� v î g (2.38)

Expressthe holdupswith correlations2.32 to 2.36 and linearizethe nonlinearequations
yields: � �	/a�� # � ��/T� æ D��	� æ K ù# � È (2.39)

� �	
 ÍQÏ� # ��Ä ��
 ÍEÏ# � È (2.40)

� ��� Ë�RLR� � ��Ä ��� Ë�RLR� ËLÌ�S (2.41)

� � Ë ë� � �Çh É�
 hÙñ � Ë ë� ËLÌ�S (2.42)

CombiningEquations2.39to 2.42with 2.37and2.38yields:� g �<Ä �	
 ÍQÏ# � È " �	/a� æ D��	� æ K ù# � È (2.43)

� v ��Ä �	� Ë�RER� ËEÌfS " h É�
 hÙñ � Ë ë� ËEÌfS (2.44)

�ç�  � g� v �  Ä ��
 ÍEÏ'" æ D�	� æ K ù �	/a�Ä �	� Ë�RLR�" h É�
 hÙñ � Ë ë � ËEÌfS# � È (2.45)
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2.4 Obtain operational parametersfr om experiment

2.4.1 Liquid holdup and distrib ution on tray ��� and ���
Theliquid holdupandits distributionon thetraycanbeestimatedby thefollowing means:

i) Fromgeometricdataandpressuredropmeasurementover thecolumntheamountof
liquid storedonastagewill bethesumof liquid on thetray itself andtheliquid stored
in thedowncomer. Fromthecolumndesignwe know theareaof thetray

Ú Î / S �Û+ Ö and
downcomer

Úr
`/
andthevolumeof thedowncomerseal

# 
`/ � à . For simplicity weneglect
the hydrodynamicpressuredrop underthe downcomerapron,suchthat ? 
`/ � ? S�ËLS .
Pressuredrop measurementwill give the clear liquid height ? /a� on the tray and the
backupin thedowncomer(seeFigure2.1).�	� HJI ��k�Ú S=ÍQÎwÏ ? /T� " Úr
w/ ? S�ËES7"B# 
`/ � à (2.46)? S�ËES � � F�÷ � ÎwS ÖXH7DaI:Ü ��W9Kck ? 
 ÍEÏ " ? /a� (2.47)

The liquid height correspondingto the dry pressuredrop ? 
 ÍQÏ , is determinedfrom
Equation2.25andtheclearliquid height ? /a� from Equation2.19.

ii) Measuringtheinitial temperatureresponseto astepchangein reflux
U � or vaporflowU #

enabletheestimationof theliquid holdup.Theinitial responseof thecomposition,U � � onthetrayis independentonthemagnitudeof theappliedstepchange(Skogestad,
1988).Fromamassbalanceoverastageit will bepossibleto estimatethetrayholdup.
Thefollowing assumptionsaremade:

OP1 vaporholdupis negligible

OP2 neglect theenergy balance,which resultsin equimolarflows, that is � � �¾� �C% �
and

# � � # ��� �
OP3 constantmolarliquid holdup

�� ����:� �<� �C% �� � � "p# �=� �� # � (2.48)

� � � ��:�·�<� � Dd� �C% �> 	� �TK "B# � Da( ��� �A ( � K (2.49)

For a stepchangein � � and
# �

the internalflows are � � � � Ë� " U � and
# � � # Ë� "U #

. Substractingthesteadystatesolutionof Equation2.48from Equation2.49and
assumingthatimmediatelyafterthestepchangethetraycompositionto beunchanged,
yieldsa linearequationin

U � and
U #

:� � U � ��:� � U � � Da� Ë�&% �  Õ� Ë� K " U # � DT( Ë�=� �  À( Ë� K (2.50)

To facilitatetheuseof theinstalledmeasurementson theinvestigateddistillation col-
umnweassume:
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OP4 vapor-liquid equilibriumdescribedby ( � ��Ó � � �
OP5 a linear relation betweenliquid compositionand temperature,i.e. � � � eN��Ù�

furtherassumethat
�Ù�

is constantfor traysnext to eachother

Apply assumptionsOP4andOP5andrearrangeEquation2.50yields:

��� � U e ��:� � U � D e Ë�C% �  e Ë� K " U # Ó � D e Ë��� �  e Ë� K (2.51)

From Equation2.51 it is possibleto estimatethe molar holdup on stagefor a step
changein refluxandvaporrespectively.

iii) Determinetheliquid volumeinsidethedistillationcolumnby emptythecolumn.Liq-
uid evaporatingfrom thecolumninteriour is collectedin theaccumulator. Thecom-
binedholdupchangeof accumulatorandreboileris theamountof liquid storedunder
operationin thecolumn.

2.4.2 Liquid hydraulic time constant ���
The hydraulictime constant� � describethe dependency of the internal liquid flows

� � on
the manipulatedvariables

� �>t . Under the assumptionof constantmolar flows, the flow
dynamicsin adistillationcolumncanbeapproximatedby (Rademakeretal. 1975,Skogestad
et al. 1988): � � 5 k 1Dw1 " � ���]K 5 � ��t " ì 1  1D`1 " � ���]K 5 î � � # (2.52)

Equation2.52is derivedby repeatedcombinationof themassbalanceEquation2.48assum-
ing

# � È � #�ËEÌfS
andthetray hydraulicsEquation2.28for eachtray (Rademaker et al. 1975)

Theresponseof theliquid flow onstageN is acascadeof first-orderresponses,onefor each
tray. Introducethefollowing approximation:Dw1 " � v��]K % 5 k2Y % 5���� R � Y %�� R

(2.53)

yields: � � 5 k2Y %�� R � ��t " Dw1å Y %�� R K � � # (2.54)

FromEquation2.54we canestimatethehydraulictime constantfrom themeasurementof
the delaybetweena changein external reflux until the liquid outflow of tray

.
changes{ v k � �Ê. . Determiningthe liquid hydraulic time constantexperimentallycan be done

by observingthe reboiler level after a stepchangein externalreflux. A secondmethodis
theobservationof the temperatureresponseto an increasein ��t . The initial responsewill
indicatethetimea reflux flow changeneedsto propagatethroughthecolumn.
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2.4.3 Vapor constant �
The vaporconstant� representsthe initial effect of a changein vaporflow on liquid flow
from astage.Experimentallywecanobtain � by thefollowing means.

i) Recordingthe temperatureresponsefor an increasein vaporflow V. In caseof �Æð h ÉÛô we will have an increasein tray temperaturein the upperpart of the column
earlierthanin the lower part. Earlier responseof traysin the top sectionthanin the
bottom sectionis due to liquid pushedfrom the trays suchthat the internal reflux
increasetemporarily. Thiseffectwill bemoreextensivein thelowerpartof thecolumn
thanin theupperpart.

ii) Observationof the reboilerholdupafteran increasein heatsupplywherethebottom
flow is keptconstant.Observinganinverseresponseindicate �Mð  h Éãô .

iii) Theestimationof � from differentialpressuredropmeasurementunderapplicationof
Equation2.37to Equation2.45.

2.5 Results

2.5.1 Holdup estimation

For the estimationof holdupandtime constantswe assumethat I:Ü � and
��Ý*�

is constant
andwe have choosenthe conditionsof a 50/50mixture of ethanolandbutanolat boiling
point and1 bar, which gives I:Ü � � 
 Ä 
ZÉ�� �nW H \ � , �2ÝÞ� � � h É 1 �nW H �Z\^[ � on eachtray andU ? + Î ÷ � ñ 1 ò�ÄÙh �"! H �Z\^[ � . TheK-valuein Equation2.51 is taken from a simulationof the
vapor-liquid equilibriumat 1 barat theinitial steadystateconditions.

Table2.1list theexperimentalconditionsof experiment2 and3. Theliquid volumein the
distillation columnis determinedby dumpingthe distillation columnafter the experiment.
Theliquid volumedeterminedby this methodis denoted

# � � 
 . A secondmethodto estimate
theliquid volume,

# � � 
 ÷ , in thecolumnis to computetheamountof liquid on thetraysfrom
thedifferentialpressuredropoverthecolumnunderconsiderationof thedowncomerholdup.
The estimationof the liquid holdup (denoted

� � and
�$#

) by measuringthe initial time
constant for a stepin externalreflux (Figure2.4) anda stepin heatsupply(Figure2.5) is
doneby applyingEquation2.51with

U # ��h and
U �m�Çh , respectively.

The liquid holdupestimatedby the rigorousmodel(
�&%

) anddeterminedexperimental� Ö�'`÷ agreevery well. Theholdupestimatedfrom the initial time constant
��� È � S andfrom

tht simplifiedmodel
� R � Ü ÷ show anextensivemismatch.

Theholdupestimationfrom theinitial timeconstantof theexperimentreliesontheaccu-
racy in determinationof thetemperatuerderivatives.Determiningthetemperaturederivative
from e.g. Figure2.5will give inaccurateresultsdueto noise.In conjunctionwith therough
approximationof thephysicalpropertiesanestimationof theholdupwill beunreliable.

Fromsimulationwe getapp.200ml (rectifier)and300ml (stripper)liquid on thetrays,
this givea total liquid volumein thecolumnof approximate2.7 liter, which is a rathergood
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resultcomparedto thedumpingexperiment
# � � 
 andthecomputationbasedon thepressure

drop.

Table2.1: Datafor holdupestimationfor ex-
periment2 and3

dim. Exp. 2 Exp. 3( )+*-,.)0/-1
250 2502.3 0.54 0.564 ÷ )6587:9
22.3 26.1; S Ñ7à <>= ,@?
3.60 4.50; SBA à <>= ,@?
4.05 4.50C S Ñ7à )+*-,.)0/-1
250 350C SBA à )+*-,.)0/-1
250 380D � � 
 *
2.94 3.18D � � 
 ÷ *
2.81 2.79E Ö�'`÷ )+F@*
3.24 3.51G ù ËIH
79.11 80.96G � Ë H
79.49 84.80G � Ë H
80.45 90.07J G � , 4LK Ë H ,@?
0.0018 0.0133E � È � S � � )+F@*
6.16 2.96E R � Ü ÷�� � )+F@*
1.2 1.2E % � � )+F@*
3.05 2.80G�M ËIH
90.87 109.79G # Ë H
104.68 113.73G � à Ë H
111.15 115.81J G # , 4LK Ë H ,@?
0.0252 0.0045E � È � S � # )+F@*
8.65 9.06E R � Ü ÷�� # )+F@*
1.5 1.5E % � # )+F@*
3.00 2.85

2.5.2 Hydraulic time constant

Liquid

Thehydrauliclagbetweentheincreasein re-
flux until thereboilerlevel changesis shown
in Figure2.2andfoundto be

{ � �2Ä 1 � . The
responseof the reboiler level to a changein
the heatsupplyis shown in Figure2.3. The
operationalparametersare stated in Table
2.2.

Applying Equation2.54to themeasured
delayfrom changingthecontrolsignalof the
reflux pump until the reboiler level start to
changeis incorrect. InspectingFigure 2.2,
it is seenthat the experimentalresponseis
approximately5 secondsdelayedto thesim-
ulatedresponse.We have to considerthat it
take app. 5 secfrom changingthe signalof
thereflux pumpuntil theflow changes.Take
this into consideration,the liquid lag for the
entirecolumnis in the rangeof 16 seconds,
which give an averagehydraulic time con-
stantof approximately� � � 1 Éãô � . Applying
Equation2.38to this setof operationalcon-
ditions a time constantof � � � h ÉONP� for the
rectifier and � � � 1 É 1RQ � for the stripper is
computed(seeTable2.3)

Theslightly differentgradientin theresponseis dueto themodellingof thebottomprod-
uct valve. In theexperimentthevalvepositionis set,while in thesimulationthevolumetric
liquid flow wassetconstant.

Vapor
Resultsof theestimationof � + from Equation2.37, � � from Equation2.38and � from Equa-
tion 2.45for experiment6 areshown in Table2.3. Parametersarecomputedfor the initial
flows statedin Table2.2. In Figure2.4theresponseof thetray temperatureastepchangein
heatinput is shown. Thenumericalresultsindicateananinverseresponsefor thesimulation.
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Figure2.2: Responseof reboilerlevel to a stepin reflux flow at t = 20s

Table2.2: Experimentalconditionsof exper-
iments5 and6 andthekey parametersfound

dimen. Exp. 5 Exp. 6S \ �LH \ - � 350 350T 3 0.56 0.45� S Ñ7à \ �LH \ - � 470 470� SBA à \ �LH \ - � 557 470U S Ñ7à �"! H � 5.8 6.5U SBA à �"! H � 5.8 8.0V � �
21 5

Table 2.3: Parametersestimatedfrom data
for Exp. 6 for

UXW � S Ñ7à � �9Éãô �"! H �UXW
rectifier stripper�	
 ÍQÏ

mol 0.13 0.26? 
 ÍQÏ mm 34.4 34.4�	/a�
mol 1.09 2.10? /a� mm 9.8 18.7æ 0.23 0.49� + s 5.19 6.56� � s 1.18 0.99� -4.41 -6.62

Thesimulatedinverseresponseof thereboilervolumeof maximum0.05liter corresponds
to achangein therealreboilerof approximately

ô@\ç\
, whichis approximatelytheresolution

of thelevel measurement.Thepredictedchangein thecolumnholdupis app.1.5mol,which
is lessthan5 % of thereboilerholdup.Someliquid is pushedfrom thetrayssincetheinitial
decreasein reboilerlevel slowsdown after20seconds.Neverthelesstheextensivemismatch
of experimentandrigorousmodelfor thereboilerlevel hasto beinvestigatedandthemodel
hasto becorrected,it is not fully understoodwhicheffectof therealsystemis overestimated
in therigorousmodel.

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

Stepchangesin the manipulatedvariables(reflux andheatinput) wereperformedandthe
responsesof themodelsandtherealprocessarecompared.Theinventoryof thedistillation
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columnis controlledby PI-controllersactingon the distillate andbottomflow, except for
experiments5 and6 wheretheproductflows aresetmanually. Thepresentedresponsesare
simulatedwith atrayefficency of 0.85in therectifiersectionand0.8for thestrippingsection.
Theefficiency of thereboileris setto 0.6.Thedeviation from thesteadystatetemperatureis
plottedto comparesimulationby meansof therigorousmodelandtheexperimentaldata.

In Experiment 2 theheatsupplyto thereboileris increasedat
� � 1 h � . Thetemperature

responseof tray3 and9 is shown in Fig. 2.4.
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Figure2.3: Responseof reboilerlevel to astepin heatsupplyat t = 10 s

A thoroughinspectionof thefirst100secondsshow aninverseresponsewith amagnitude
of  h É Ä ô Ë ú in the responseof the rigorousmodel. Sincethenoiselevel of theexperimen-
tal datais YÅh É Ä ô Ë ú it is ratherdifficult to identify this from the setof experimentaldata.
The experimentaldatawhererecordedat a samplingtime of onesecond,without filtering
of thesignal,suchthat the inverseresponseshouldnot beremovedfrom thedataset. Nev-
erthelessthesizeandthedurationof the inverseresponseis at a thathigh frequency that it
is of only limited importancefor control of the distillation column. Neverthelessit is not
fully understoodwhich effect of the real systemwasoverestimatedandinitiate the inverse
response.

Thereflux flow is increasedin Experiment 3, thetemperatureresponseof trays3 and9
areshown in Figure2.5.

Theresponsesof therigorousmodelagreewell with therecordedexperimentaldata.The
delaysandinitial timeconstantsof thetray temperaturesto thestepsin heatinputandreflux
arein goodagreement.In Figure2.6 theresponseof the rigorousmodel(denotedwith T3
R andT9 R) andthemodelwith linearizedtray hydraulics(T3 L, T9 L) arecomparedfor a
stepchangeof thereflux flow.
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Figure2.4: Initial responseof temperatureson trays3 and9 to astepchangein heatinputat
t = 10s.
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Figure2.5: Initial responseof temperatureson trays3 and9 to a stepchangein reflux flow
at t = 20s.

The essentialdifferencebetweenthe two modelsis the methodusedto determinethe
holdupand the tray hydraulics. Although the liquid holdup for the linearizedmodelwas
determinedfrom experimentanextensivemismatchin theinitial timeconstantwasobserved
(seeTable 2.1). The hydraulic time constant� � and the vaporconstant� are taken from
Table2.3. Iterationon the liquid holdupin the linearizedmodelto matchtheexperimental
initial time constantsgive a liquid holdupof 1.2 mol in the rectifier sectionand1.5 in the
strippersection.This holdupwasusedin to obtainthedatashown in Figure2.6. Theliquid
holdupof the rigorousmodel is 2.8 and2.85mol in the rectifier andstripperrespectively.
Thedifferencein holdupis approximatelytheamountof liquid in thedowncomer.
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Figure2.6: Initial responseof temperatureson trays3 and9 to a stepchangein reflux flow.
Stepat t = 20s.

2.6 Conclusion

The validity of the modelhasbeendemonstratedthroughthe comparisonof experimental
and simulationresultsof the open-loopoperationof the investigateddistillation column.
Neverthelessthemodeldoesnot representthereboilerholdupdynamicscorrectly.

It is fairly straightforwardto generalizetheresultstoothersievetraydistillationcolumns,
sincenofor theinvestigatedsystemspecificcorrelationswereutilized. Thepresentedresults
demonstratetheimportanceof realisticmodelledtray hydraulicsfor theproperoperationof
theprocess.

The transientresponsesof thehydraulicvariablesshow the importantrole they have in
thedesignprocessof a controlsystem.

From the analysisof the simplified modelwe seethat even if we usesimpledynamic
modelsfor thecompositiondynamicsthehydraulicdynamicsshouldstill beconsideredand
modelledin anappropriatemanner. Especiallycarehasto betakento obtaingoodestimates
for thehydraulictimeconstantsandtheliquid holdupon thestage.
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Abstract

Themultivesselbatchcolumnconsistsof areboiler, severalcolumnsec-
tionsandintermediatevesselsanda condenservessel.This configura-
tion providesa generalizationof previously proposedbatchdistillation
schemes,includingtheinvertedcolumnandthemiddlevesselcolumn.
The total reflux operationof the multivesselbatchdistillation column
was presentedrecently, and the main contribution of this paperis to
proposea simplefeedbackcontrol strategy for its operation.We pro-
poseto adjustthevesselholdupsindirectly, by manipulatingthereflux
flow outof eachvesselto controlthetemperatureatsomelocationin the
columnsectionbelow. The feasibility of this strategy is demonstrated
by simulations.

3.1 Intr oduction

Although batchdistillation generallyis lessenergy efficient thancontinuousdistillation, it
hasreceivedincreasedattentionin the last few yearsbecauseof its simplicity of operation,
flexibility and lower capitalcost. For many yearsacademicresearchon batchdistillation

1Departmentof ChemicalandBiochemicalEngineering,UniversityCollegeLondon,LondonWC1E7JE,
UK
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wasfocusedprimarily on optimizingthereflux policy for theconventionalbatchdistillation
column (also called the batchrectifier) wherethe feed is charged to the reboiler and the
productsare drawn from the top of the column. However, more recently, therehasbeen
renewedinterestin re-examiningtheoperationof batchdistillationasawhole.

A total refluxstrategy, wheretwo final productsarecollectedin thecondenserdrumand
in the reboiler, wassuggestedindependentlyby Treybal (1970)andBortolini andGuarise
(1971). Sørensenand Skogestad(1994) found the total reflux operationto be better for
separationswith a small amountof light component.A generalizationof the total reflux
strategy is the cyclic operationdescribedby Sørensenand Skogestad(1994). Here, the
operationis switchedbetweentotal reflux operationanddumpingof the product(i.e. the
condenserholdupis introducedasanadditionaldegreeof freedom).

RobinsonandGilliland (1950)proposedaninvertedbatchcolumn,alsocalledthebatch
stripper, wherethe feed is charged to the top and the heavy productsaredrawn from the
bottom of the column. Sørensenand Skogestad(1995) found that, also in this case,the
invertedcolumnis betterthantheconventionalcolumnfor separationswith a smallamount
of light component. Bernot et al. (1991) studiedthe useof this column for separating
azeotropicmixtures.

A furthergeneralizationof the invertedcolumnis themiddlevesselcolumn,which has
botha rectifying andstrippingsection.This configurationwasfirst mentionedby Robinson
andGilliland (1950,p. 388) andwasfirst analyzedfor binary mixturesby Bortolini and
Guarise(1971)andlater studiedin the Russianliterature(e.g. Davidyan et al. 1991; see
theupdatedEnglishtranslationin Davidyanet al. 1994).Themiddlevesselcolumnis also
sometimesreferredto asthe“complex” batchdistillation column(MujtabaandMacchietto,
1992).Bortolini andGuarise(1971)proposedto chargeabinary feedmixtureto themiddle
vesselanddraw productsfrom boththetopandthebottom,suchthatthecompositionin the
middle vesselwasapproximatelyconstantduring the operation,andoperationstopswhen
the middle vesselis empty. This modeof operationis found to be optimal in somecases
(MeskiandMorari, 1995).

Hasebeet al. (1992)proposedto chargea ternarymixture to themiddlevessel,andlet
the light andheavy impuritiesbedrawn from thetop andthebottomof thecolumn. In this
casetheoperationstopswhentheintermediatecomponentin themiddlevesselhasreached
its desiredpurity. MujtabaandMacchietto(1992,1994)studiedthecasewherea chemical
reactiontakesplacein themiddlevessel,andconversioncanbe increasedby removing the
products.

A further generalizationis the multivesselcolumnsuggestedby Hasebeet al. (1995).
They proposeda total reflux operationwheretheproductsarecollectedin vesselsalongthe
column.Becauseonemayview thiscolumnasa stackingof severalcolumnson topof each
other, they denotethis processa “multi-effectbatchdistillationsystem”(MEBAD).

All theabove designsandstrategiescanberealizedin themultivesselbatch distillation
columnshown in Figure3.1, whereboth theholdups,

y�f��	���
, andproductflows, � f��	���

, are
degreesof freedom. With c�� vesselsalong the columnandwith given pressureandheat
input, this columnhas ��cX�`��� degreesof freedomfor optimization;namelythe cX�����
holdups

y�f��	���
(e.g. controlledby the c������ refluxstreams)andthe cX� productrates� f �-���

.
Furthergeneralizationsarepossible,for example,by addingfeedstreams(semi-batch
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operation),by taking out liquid or vaporstreamsotherplacesin the column,or by using
intermediateheatersor coolers.
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Figure3.1: Generalmultivesselbatchdistil-
lationcolumnfor acasewith 4 vessels

The simpleststrategy for operatingthe
multi-vesselcolumn, which is the focus of
this paper, is the total refluxoperation sug-
gestedby Hasebeet al. (1995) where thecX� product rates are set to zero ( � f¢¡£
). Thereare at least two advantageswith

this multivesselcolumn comparedto con-
ventionalbatchdistillation wherethe prod-
ucts are drawn over the top, one at a time.
First, theoperationis simplersinceno prod-
uct change-oversarerequiredduring opera-
tion. Second,theenergy requirementmaybe
muchlessdueto themulti-effectnatureof the
operation.In fact,Hasebeetal. (1995)found
that for someseparationswith many compo-
nentstheenergy requirementmaybesimilar
to thatfor continuousdistillationusing c��@�+�
columns.

Hasebeet al. (1995) proposeto “con-
trol” the total reflux multivesselbatchdistil-
lation columnby calculatingin advancethe
final holdupin eachvesselandthenusinga
level control systemto keep the holdup in
eachvesselconstant. For caseswhere the
feedcompositionis not known exactly they
proposeto, after a certain time, adjust the
holdupin eachvesselbasedon composition
measurements.Their scheme,involving the
optimizationof the vesselholdupsandtheir
adjustmentbasedon compositionmeasure-
mentin thesevessels,is rathercomplicatedto
implementandit requiresan advancedcon-
trol structureto implementthecontrol law.

The main contribution of our paperis to propose,for the total reflux operationof the
multivesselcolumn,a feedbackcontrol structurebasedon c��¤�¥� temperaturecontrollers
(seeFigure3.2). Theideais to adjusttherefluxflow outof eachof theuppercX���¦� vessels
by controlling the temperatureat somelocationin the columnsectionbelow. Thereis no
explicit level control,rathertheholdup,

y�f
, in eachvesselis adjustedindirectly by varying

therefluxflow to meetthetemperaturespecifications.
In additionto thedynamicsimulationswhichshow thefeasibilityof theproposedscheme,
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we presentthesteady-statevalueswhich would beachievedif we wereto let thebatchtime
approachinfinity (

�¨§ ©
). Of course,in practicewe want thebatchtime to beasshortas

possible,andwe would terminatethebatchwhenthespecificationsaremetor theimprove-
ment in purity is small. Nevertheless,the steady-statevaluesare interestingbecausethey
give theachievableseparationfor agivencase.
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Figure 3.2: Feedbackcontrol structurefor
multivesselbatch distillation column under
total reflux

3.2 Simulation model

All theresultsin thispaperarebasedonsim-
ulationsusingthe dynamicmodeldescribed
in the Appendix. We have madea number
of simplifying assumptions,suchasconstant
molar flows, constantrelative volatility, lin-
earboiling pointcurve,constantstageholdup
and constantpressure. Theseassumptions
are introducedto simplify the model simi-
lar resultsareobtainedwhentheassumptions
are relaxed. The dynamicmodel is imple-
mentedusingthe SPEEDUPsoftwarepack-
age(Speedup,1993). In all simulationswe
neglect the time to heatup the column and
feedmixture to the boiling temperature(i.e.
“hot” startupis assumed).

In the simulationswe considera four-
componentmixture, andusea columnwith
threesectionsandfour vessels(includingre-
boiler andcondenser).Thedatafor themix-
ture and the columnaresummarizedin Ta-
ble 3.1. The numericalvaluesof the rela-
tive volatility arechosento becloseto those
of the system methanol-ethanol-propanol-
butanol. As mentioned,we assumethemix-
turetemperature,

�«ª
, onstageh to bethemo-

lar averageof theboiling temperaturesof the
purecomponents2�«ª¬¡ ¯®° ± ²«³ �

±&´ �«µ � ± (3.1)

where
�¶µ � ± ¡�·¹¸:º¯»�¼�½~¼�¾¿»OÀ¿½ÂÁP¼�» � ½ � � ¼>»�¼lÃ � ^ .

2The linear boiling point curve assumptionmay seem very crude. However, we have performed
simulationswhere temperaturesare computedfrom Raoults law for ideal mixtures, ÄlÅÇÆÅÉÈËÊjÌ¯ÍÎ�Ï¿Ð�Ñ ÎÓÒÄ Ô-Õ ÅÖØ×ÚÙÜÛ , and the Clausius-Clapeyron equation for the pure componentvapor pressures,Ä Ô-Õ ÅÎÝ×ÚÙÜÛ ÈÞ Ñ Äàß.áãâ�ä¿å�æBç è éê ß Ðë á ÐëIì è éîí í , andtheresultsshow only minordeviations.SeeAppendixD for moredetails.
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In the simulationswe considertwo feedmixtures;oneequimolar( �@ï ³ ), andonewith
smalleramountsof components2 and4 ( �@ï \ ). In all cases,exceptin Figure3.6, the initial
(at

�Ø¡ £
) vesselholdupis thesame(

yðfñ¡ � »�ò h>[jilk ) in all four vessels,andthe initial
compositionin all vesselsis equalto thatof the feedmixture. In all simulations,thevapor
flow is keptconstantat

� ¡ � £ h�[ji:kd m .

Table3.1: Summaryof columndataandinitial conditions

Numberof components cX� ¡ º
Relativevolatility ó ± ¡ · � £ » � ½8º¯»�ò�½ � »OÀ¿½ � Ã
Total numberof stages cXô � ô ¡ À À
Numberof sections

À
Numberof stagespersection c fv¡ � �
Vesselholdups

yðf � _ ¡ � »�ò h>[jilk
Trayholdups(constant)

y�ª�¡ £ » £ �ãh>[jilk
Total initial charge

y ô � ô ¡ � £ »OÀ À h>[ji:k
Refluxflows

wxf � _ ¡ � £ h>[jilk�d�m
Vaporflow (constant)

� ¡ � £ h>[jilkd m
3.3 Total reflux operation with constantvesselholdups

In this sectionwe follow Hasebeet al. (1995)andpresentsimulationswhich demonstrate
the feasibility of the multivesselbatchdistillation undertotal reflux. The holdupof each
vesselis calculatedin advanceby takinginto accounttheamountof feed,feedcomposition
andproductspecifications.After feedingthe predescribedamountof raw materialto the
vessels,total reflux operationwith constantvesselholdup is carriedout until the product
specificationsareachieved,or until theimprovementin productpurity with time is too slow
to justify furtheroperation.

Thesimulatedcompositionprofilesasa functionof timeareshown in Figure3.3 for the
equimolarfeedmixture �@ï ³ ¡�· £ » � ò>½ £ » � ò�½ £ » � ò>½ £ » � òlÃ (3.2)

The holdupin eachvesselis kept constantat
y�f�¡ � »�ò h>[jilk during the simulation. The

purity of themaincomponentin eachof thevesselsis seento improvenicely andlevelsoff
afterabout2 hours.As timegoesto infinity thesteady-statecompositionspresentedin Table
3.2areachieved.Thesteadystatepurity of themaincomponentis betterthan99%in thetop
andbottomvessels,andis about96%in thetwo intermediatevessels.

However, in practice,it may be difficult to keepthe vesselholdupsconstant,and the
compositionof the feedmixture maybeuncertain.The resultsmaybesensitive to holdup
errorsasis illustratedby consideringa casewheretheactualfeedcompositionis�@ï \ ¡ · £ »OÀ £ ½ £ » � £ ½ £ »¹º £ ½ £ » � £ Ã (3.3)
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but theholdupof eachvesselis keptconstantat
y�fõ¡ � »�ò h>[jilk , whicharethevesselholdups

correspondingto theequimolarfeedcomposition,�@ï ³ . This resultsin largechangesin the
final vesselcompositionsas seenfrom Table 3.3. For example, the purity in vessel2 is
reducedfrom about

Á ¸ ö
to

º £ ö
, whereasthe purity in vessel3 is improved from

Á ¸ ö
toÁ Á¿»OÁPö

.
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Figure3.3: Constantvesselholdupfor feedmixture �@ï ³ : Compositionresponsein accumu-
lator (1), vessel2, vessel3 andreboiler(4)

Table3.2: Constantvesselholdupsfor feedmixture �@ï ³ : Steady-statecompositions

Vessel1 Vessel2 Vessel3 Vessel4y�f�· h>[jilk Ã 2.5 2.5 2.5 2.5� ³ 0.993 0.017 0.0 0.0� \ 0.007 0.959 0.025 0.0� � 0.0 0.024 0.963 0.004��÷ 0.0 0.0 0.012 0.996

To compensatefor thesefeedvariationsHasebeet al. (1995)proposea rathercompli-
catedalgorithmfor adjustingtheholdupbasedonmeasuringthecompositionin thevessels.
Weproposeamuchsimplerfeedbackschemewhich is discussedin thenext section.
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Table3.3: Constantvesselholdupsfor feedmixture �@ï \ : Steady-statecompositions

Vessel1 Vessel2 Vessel3 Vessel4y�f�· h>[jilk Ã 2.5 2.5 2.5 2.5� ³ 0.999 0.203 0.0 0.0� \ 0.001 0.404 0.001 0.0� � 0.0 0.393 0.999 0.180��÷ 0.0 0.0 0.0 0.820

3.4 Feedbackcontrol of multi vesselcolumn

We now presentresultsfor our proposedcontrolstructurefor thetotal reflux operation;see
Figure3.2. Theseparationof a mixturecontainingc�� componentsrequirescX� vesselsandc��ø�Ø� temperaturecontrollers.The g ’ th temperaturecontroller(

� ^ f
) controlsthe temper-

ature(
�"f

) in themiddleof the g ’ th columnsection,usingasa manipulatedinput the reflux
flow (

wøf
) out of the vesselabove that columnsection. This enablesan indirect control of

theholdup(
yðf

) in that vessel.Note that thereis no level controlleror level measurement,
althoughsomeminimumandmaximumlevel sensorsmaybeneededfor safetyreasons.

Thesimpleststrategy is to let thesetpointfor eachtemperaturecontrollerbe setasthe
averageboiling temperatureof thetwo componentsbeingseparatedin thatcolumnsection.
This simplestrategy is usedin thesimulations.Alternatively, to reducethebatchtime for a
specificseparation,thesetpointsmaybeobtainedfrom steady-statecalculationscorrespond-
ing to thedesiredseparation,or they mayevenbeoptimizedasfunctionsof time. However,
it is believedthat in mostcases,exceptwhenthenumberof stagesin thecolumnis closeto
theminimumfor thedesiredseparation,thesimplestrategy will beacceptable.

To demonstratethefeasibilityof ourproposedcontrolschemeweconsiderthesamecol-
umnasstudiedin theprevioussection(seeTable3.1).To provethattheschemeis insensitive
to theinitial feedcompositionwe considertwo differentinitial feedcompositions,�@ï ³ (Eq.
3.2)and �@ï \ (Eq. 3.3).

Weusesimpleproportionaltemperaturecontrollersto manipulatetherefluxflowwxfv¡Ýt � ´ �	�õu � f � �«f	��ù¦wxf � _ (3.4)

wherewe selectedthecontrollerbiasas
wxf � _ ¡ú�û¡ � £ h�[ji:kd m . Thenumericalvaluesof

thecontrollergain,
t � andtemperaturesetpoints,

�¶u � f , aregivenin Table3.4.Thecontroller
gainswereselectedsuchthatanoffsetin thetemperatureof ü �"f6¡ � £ � ^ yieldsachangein
thecorrespondingrefluxflow of ü wxf¶¡ � »�ò h>[jilkd m (25%of thenominalflowrate).Thetem-
peraturesensorsarelocatedin themiddleof eachcolumnsection,and,asalreadymentioned,
thesetpoint,

�õu � f , for eachsectionis theaverageboiling temperatureof thecomponentsbeing
separatedin thatsection.

With thesetemperaturecontrollers(seeTable3.4),weachievefor bothfeedmixturesthe
samesteady-statecompositions(

��§ ©
) givenin Table3.5.Thesesteadystatecompositions

arevery closeto thosefound earlier for feedmixture �@ïP� ³ with constantvesselholdupsofy�fv¡ � »�ò h>[jilk ; compareTables3.2and3.5.
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Table3.4: Datafor temperaturecontrollers�¶u � fý· � ^ Ã t � · h>[jilk�d � � ^ m � Ã location þ� ^ ³ 71.5 -0.25 6� ^ \ 87.75 -0.25 17� ^ � 107.2 -0.25 28

* stagenumberedfromtopof column

Table3.5: Temperaturecontrol (independentof feedcomposition):Steady-statecomposi-
tions

Vessel1 Vessel2 Vessel3 Vessel4� ³ 0.993 0.016 0.0 0.0� \ 0.007 0.967 0.034 0.0� � 0.0 0.017 0.960 0.007��÷ 0.0 0.0 0.006 0.993

As expected,for feedmixture �@ï ³ , thesteady-statevesselholdupsarecloseto � »�ò h>[ji:k ;
seethe first row in Table 3.6. The compositiontime responsesfor feed mixture �@ï ³ are
shown in Figure3.4 (a) and (b). The responsesaresimilar to thosewith constantvessel
holdupsshown in Figure3.3 (a) and(b); thedifferenceis that theapproachto steadystate
is fasterin vessels1 and4 andslower in vessels2 and3 for thecontrolstructureemploying
temperaturecontrol.

In Figures3.4 we alsopresentfor feedmixture �@ïP� ³ the time responsesfor theholdups
in the vessels(c), the reflux flows out of the vessels(d), and the controlledtemperatures
(e). The simulationsdemonstratehow the actionof the temperaturecontrollersadjustthe
reflux flows, which indirectly adjustthe vesselholdupssuchthat the final productsareof
highpurity.

Similar resultsfor feedmixture �@ï \ areshown in Figure3.5. Theinitial vesselholdups
areasfor feedmixture �@ï ³ , andthesimulationsdemonstratehow thetemperaturecontrollers
indirectly adjustthe vesselholdupssuchthat the steady-statevesselcompositionsare the
sameasfor feedmixture �@ï ³ . Fromthesecondrow in Table3.6we seethatthesteadystate
holdupswith feedmixture �@ï \ vary from 0.788kmol in vessel2 to 4.159kmol in vessel3.

Two remarksabouttheresultsarein order.

1. FromFigures3.4(e)and3.5(e)weobservethatthecontrolledtemperaturesreachtheir
setpointwith no offset (

� § �¶u
as

� § ©
), even thoughonly proportional

controllersareused.Thereasonis thatthemodelfrom
wxf

to
�«f

containsanintegrating
element,sincethe systemis closed. More specifically, considerthe reflux

wxf
to a

columnsectionandthe temperature
�"f

in that section.We know thatwe canchange
thesteady-statevalueof

�"f
by changing

wxf
. We alsoknow thata steady-statechange

in
wxf

is not allowed,sincewe musthave
wxfý§ �¯f

as
�&§ ©

(total reflux operation).
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Table3.6: Temperaturecontrolfor feedmixtures�@ï ³ and �@ï \ : Steady-statevesselholdups

Vessel1 Vessel2 Vessel3 Vessel4

feed
y ³ · h>[jilk Ã y \ · h>[jilk Ã y � · h>[jilk Ã y ÷ · h>[jilk Ã�@ï ³ 2.506 2.452 2.512 2.530�@ï \ 3.053 0.788 4.159 2.000

Thusthetransferfunctionfrom
wxf

to
�«f

mustcontainanintegrator.

2. With temperaturecontrolweachievethesamesteady-statecompositionsin thevessels
independentof the initial feedcomposition(only the vesselholdupsdiffer at steady
state).Thereasonis thatthecolumnhasonly threedegreesof freedomat steadystate
andif we fix threetemperaturesat threelocationsin thecolumn,thenthetemperature
profileoverthecolumnattotalrefluxis determined.(Thisassumesthatwedonothave
multiple steadystates.Multiple solutionsarenot likely whentemperaturesarespeci-
fied,but maybeencounteredif wespecifythecompositionof agivencomponent.)

We have alsoperformedsomesimulationsto study the start-upfor the casewhen the
entirefeedmixtureis chargedto thereboiler(andnot distributedto thevesselsasin Figure
3.5). The compositionresponsesfor feedmixture �@ïP� \ arepresentedin Figure3.6 (a) and
(b). Theresultsindicatethat thetemperaturecontrollerscanbeactivatedimmediatelyafter
start-up;possiblywith somestrategy to ensurethatthevesselsarenot emptied.Thevessels
are thenslowly filled up by actionof the temperaturecontrollerswhich reducethe reflux
flows for a transientperiod(seeFigure3.6 (c) and(d)). The simulationsindicatethat, the
requiredtime to reacha desiredseparationis similar to thatfoundwhenthefeedis initially
distributedto thevessels(seeFigure3.5).

3.5 Achievableseparation

The achievable separationis limited by the numberof theoreticalstagesin the column
sections. Or, statedin anotherway, if thereareno thermodynamiclimitations causedby
azeotropesetc.,thenwecanachieveany desiredpurity in amultivesselcolumnif wehavea
sufficient numberof stages.This is demonstratedin Table3.7wherewe presentthesteady-
stateproductcompositionsfor differentnumbersof theoreticalstages,c f

, in the threecol-
umnsections.Thetotal numberof stagesis

À ´ c f
. We usethesamecomponentsasbefore

(the feedcompositiondoesnot matter),andusetemperaturecontrollerswith the setpoints
givenin Table3.4.With 7 stagesin eachsectionweachieveapurity of about86%in vessels
2 and3, with 11 stages(basecaseusedin restof paper)about96%, with 15 stagesabout
99%,andwith 25 stagesabout99.97%.
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Table3.7: Temperaturecontrol(independentof feedcomposition):Steady-statevesselcom-
positions(maincomponent)asa functionof numberof stagesc f

in eachsection.c f
Vessel1 Vessel2 Vessel3 Vessel4� ³ � \ � � ��÷

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 energy, or equivalently, for a givenheatinput thebatchtime maybesignificantly
shorter. Anotheradvantageis the simpleoperationof the multivesselcolumnundertotal
reflux. A third advantageis that it may be easierto operatethe columncloseto optimum
with the multivesselcolumn. In conventionalbatchdistillation the optimal operationmay
dependon the reflux policy andquitestronglyon theuseof off-cuts to achieve thedesired
productcomposition. On the otherhand,in the multivesselbatchcolumntherearefewer
degreesof freedomandthissimplifiestheoperationconsiderably;therefluxflow is adjusted
with simple temperaturecontrollerssuchthat the desiredproductsareaccumulatedin the
vessels.

Onedisadvantagewith the multivesselcolumncomparedwith the conventionalbatch
distillation is that the columnitself is morecomplicated.Also, whereasin a conventional
batchcolumnoneonly hasto make decisionon the lengthof onesinglecolumnsection,
onehasto decideon thenumberof sectionsandtheir lengthfor a multivesselcolumn. The
designof themultivesselcolumnsis thereforemorecloselylinkedto aspecificfeedmixture,
in particularthe relative volatility andthe productspecifications.Thus,thedesignprocess
of a multivesselcolumn is similar to the designof a sequenceof continuousdistillation
columns.

A simplepracticalimplementation,which is usedin our lab-scalecolumn,is to placethe
sectionsandstageson top of eachotheras indicatedin Figure3.1. The liquid thenflows
by the influenceof gravity andthereis no needfor pumps. However, this designis rather
inflexible, andit cannotbe usedif a large numberof stagesis required. For an industrial
multi-purposeseparationfacility, it is probablybetterto placethecolumnsectionsin series
with thevesselsat groundlevel asindicatedby Hasebeetal. (1995).Refluxpumpsarethen
neededto bringtheliquid from thevesselsto thecolumnsections.In thiscase,onecanquite
easilyput severalcolumnsectionsin seriesto meettheseparationsrequirementsfor a given
feedmixture.

Although the resultspresentedin this paperon the temperaturecontrolledmulti-vessel
columnaremostencouraging,a numberof questionsareopenfor furtherresearch.
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1. The simulationsneedto be verified experimentally. This work is in progress,and
preliminaryresults(Wittgensetal. 1996)show verygoodagreementwith thesimula-
tions.

2. Thestart-upprocedureneedsto bestudiedin moredetail, including the initial distri-
bution of thefeedmixture.

3. In this studythesetpointsfor the temperaturecontrollersweresetsuchthat the tem-
peraturein themiddleof thesectionshouldequaltheaverageof theboiling pointsof
thecomponentsseparatedin thatsection.In general,this is not optimal,especiallyif
therequirementsfor productpuritiesareverydifferent.

4. It shouldbeestablishedfor whattypeof mixturesandconditionsthenew multivessel
batchcolumnis mostsuited.

5. Reasonablecriterionsfor abortingthetotal refluxoperationshouldbeestablished,that
is, whenis theimprovementin productpurity tooslow to justify furtheroperation,and
how shouldthis bedetected.

6. Finally, the total reflux operationmaybegeneralizedby alsoallowing withdrawal of
products(continuousor discontinuous)from thevessels.In this way themultivessel
columnforms a “superstructure”which hasasspecialcasesall the previously pro-
posedbatchschemesmentionedin theintroduction.

3.7 Conclusions

A generalmultivesselbatchdistillation columnis proposed,alongwith a new controlstrat-
egy for its total reflux operation. It is shown that the proposedcontrol schemeis easyto
implementandoperate,in particular, for widely varyingfeedcompositions.
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Notation� Distillate flow h>[jilkd mt � Controllergainw
Refluxflow h>[jilkd my
Holdup h>[jilkc�� Numberof componentsc f
Numberof stagesin sectiong�
time m�
Temperature � ^�¶µ
Boiling temperature � ^� ^ f
Temperaturecontroller�
Vaporflow h>[jilkd m� Liquid composition� Vaporcomposition�@ï Feedcompositionó Relativevolatility

Subscriptsg sectionidentifierÿ
componentidentifierh stageidentifierp setpoint

Appendix: Mathematical modelof multi vesselcolumn

Themodelusedin thesimulationsis basedon thefollowing assumptions:

� constantrelativevolatility

� constantmolarliquid holdupson thestages(liquid flow dynamicsneglect)

� constantmolarvaporflows
���

(energy balanceneglected)

� constantpressure

� constanttray efficiency (100%)

� negligible vaporholdup
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� perfectmixing onall traysandin all vessels

� total condenser

Thedistillation columnis modeledasa stackof stages(countedfrom the top) asshown in
Figure3.7. Note that the vaporflow

�
doesnot passthroughthe intermediatevesselsso

thesedo not contributeto thenumberof theoreticalstages.Themodelfor stage� in section�
consistsof amaterialbalancefor eachcomponent� (Note �	� is assumedconstant)
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Figure3.7: Connectionof traysandvessels

�
� ������ ���� ��� ��� ����� ������� ����� � ��!�"�$# ��� �&%'�(� # ��� ��� (3.5)

andthevaporliquid equilibrium

) � � # ��� �+* ����� �#�, � �+* � , � � (3.6)

where - denotesthe heaviest componentin
themixture.

The material balancefor the condenser
(
� �/. ) is

� � � � ����� � ��0� � �1# � %'� � � � � � ����� � (3.7)

andits massbalance� � ��0� � � � � � (3.8)

For intermediatevessels(
�
)

� � � � ����� � ���� �1� � ��� ��� ��� � � � � � ����� � (3.9)

with
� � ���� �2� � ���3� � � (3.10)

where
� �

is thecompositionin vessel
�
and

��� ��� � � is theliquid compositionat thebottom
of thesectionabove. Theliquid flow � � leaving vessel

�
is setby acontrolvalve.
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Thereboiler(
� ��4 ) � � � � ����� � ���� ��� � ��� ����� � � �2# ��� �

(3.11)

where � � ���� �1� � ���5� �
(3.12)

whereagainthevaporliquid equilibriumis describedby Equation3.6.
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Abstract

Themultivesselbatchdistillationcolumn,aswell asconventionalbatch
distillation, maybeoperatedin a closed(total reflux) modewherethe
productsarecollectedin vesselsalongthecolumn.Wehavepreviously
proposedandsimulateda feedbackcontrolstrategy for theclosedoper-
ation,wheretheideais to indirectly adjustthevesselholdupsby using
therefluxflow outof thevesselto controlthetemperatureatsomeloca-
tion in thecolumnsectionbelow. Thefeasibility of this schemeis here
demonstratedexperimentallyona laboratoryscalemultivesselcolumn.
Theexperimentalcolumnconsistsof a reboiler, two intermediateves-
selsandaccumulator, whereweseparateamixtureof methanol-ethanol-
propanol-butanolinto almostpurecomponents.
Thepaperpresentsthefirst publishedexperimentalwork on theclosed
operationof batchdistillation, aswell asthe first publishedresultson
theoperationof amultivesselcolumn.

4.1 Intr oduction

In this paperwe studytheclosed(”total reflux”, ”redistributive”) operationof a multivessel
batchdistillationcolumnwith temperaturecontrol.Theaim is to confirmexperimentallythe
feasibilityof thismethodof operationwhichwasproposedby Skogestadetal. (1997),some
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early experimentalresultswerepresentedin Wittgenset al. (1996). Sincethe multivessel
columnprovidesa generalizationof a conventionalbatchdistillation column,theresultsin
thepaperalsodemonstratehow a conventionalcolumnmaybeoperatedin a closedmode.
Wereferto Skogestadet al. (1997)for amoredetailedreview of theliterature.

For conventionalbathdistillation, theclosedoperation,wherethetwo final productsare
collectedin thecondenserdrum(accumulator)andreboiler, wassuggestedindependentlyby
Treybal (1970)andBortolini andGuarise(1970). Treybal writes thathefirst learnedabout
thetechniquefrom Gustisonin 1958,and“hasfoundit mostuseful” andthat it “practically
runsthedistillation by itself”.

Thegeneralizationof theclosedoperationof conventionalbatchdistillation to thecase
with severalvesselsalongthecolumn(themultivesselcolumn)wasproposedby Hasebeet
al. (1995).With 687 vesselsalongthecolumn(includingreboiler, condenserandintermediate
vessels),it is possiblein themultivesselcolumnto obtain 687 pureproductsin asinglebatch,
andit wasalsofoundthattheenergy efficiency of this schemeis verygood.

Treybal (1970) proposes,as do all other authorsexcept Skogestadet al. (1997) that,
following the initial startupperiod,theaccumulatorholdup(level) shouldbekeptconstant
duringtheoperationusingalevel controlsystem.However, thiswayof operationis sensitive
to errors in the feed composition(from which the level setpointis precomputed)and to
errorsin thecontrolof thelevel. To correctthis,onemayintroduceacorrectionon thelevel
setpointbasedon compositionmeasurements(Bortolini, 1970andHasebeet al., 1995),but
this makesthecontrolsystemcomplicatedandrequireson-linecompositionmeasurements.
To avoid theseproblems,Skogestadetal. (1997)suggestto indirectlyadjusttheaccumulator
holdup(level) by usingthereflux to control thetemperatureat somelocationin thecolumn
sectionbelow (seeFigure4.1).

They show throughsimulationsthat this simpleway of operationworks very well, but
therehasbeenraisedconcernsaboutwhetherit would work in practice,especiallyfor the
multivesselcolumn.Themaincontributionof thispaperis thereforeto demonstratetheprac-
ticability of theclosedoperationwith indirectlevel controlona laboratoryscalemultivessel
batchdistillationcolumn.

4.2 Multi vesselBatch Distillation Pilot Plant

A laboratoryscalemultivesselbatchdistillationunit (seeFigure4.2)wasbuild to performthe
experimentsneededto verify theproposedcontrolstrategy. Thechemicalsystemstudiedis
methanol(boiling point 9':;� �=<?>A@CBEDGF ), ethanol( 9':IH �JBEKA@MLEDNF ), n-propanol( 9O:IP �=Q0BR@S. D&F )
andn-butanol( 9O:UT �V.�.WBR@CBXD&F ). This mixture is fairly ideal with a relatively high relative
volatility ( ) � � �ZY .�@CB ).

The objective wasto make the apparatusassimpleaspossible,andto avoid auxiliary
equipmentsuchasrefluxpumps.Thereforethecolumnsectionsandintermediatevesselsare
placedontopof eachother. Theunit wasbuilt in glassandcarefullyinsulatedto reduceheat
lossto thesurroundingsduringoperation.Theapparatusis operatedatatmosphericpressure.

Theunit consistsof a reboilervessel(4 l volume),two intermediatevessels(1 l volume
each),anda condensateaccumulator(1 l volume). Thefour vesselsareconnectedby three
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Figure 4.1: Control schemefor closedoperationof multivesselbatchdistillation column
with two intermediatevesselsfor mixturemethanol- ethanol- propanol- butanol.

packedcolumnsectionsof 420mmlengthand30mmdiameterwhicharefilled with double-
woundwire meshringsof 3 x 3 mm madefrom stainlesssteelby Normschliff. Thenormal
heatinput to the reboiler is about350 W, which at steadystateresultsin liquid andvapor
flows of about0.5mol/min 1.

Eachcolumnsectionis equippedwith threechromel-alumel-thermocouplesplacedin the
centerof thecolumncrosssection.Two thermocouplesareplaced5 cmfrom eachendanda
third in themiddleof thecolumnsection.Thelattertemperaturemeasurementwasusedfor
controlpurposes.Thereflux into eachof thecolumnsectionscanbeadjustedby meansof a
two-way solenoid(on-off) valve operatedby solid-staterelays2. Thereflux is introducedto
thecenterof thecolumn,slightly above thepackingmaterial.

Thereflux into eachsectionwasusedto controlthetemperaturein themiddleof thesec-
tion below (asshown in Figure4.1).For simplicity thesetpointof thetemperaturecontrollers

1Becauseof variationsin molecularweightthevolumetricliquid flowsvariesfrom about25ml/min (vessel
1 from top) to 50 ml/min (vessel3).

2Therefluxflow is estimatedbasedonthecontrolsignalto thesolenoidvalve. Therelationbetweenopening
frequency of thevalveandliquid flow hasbeenestablishedby calibration.



64
4. ClosedOperation of Batch Distillation -

Experimental Verification

O = 30 mm

M = 1 l

M = 4 l

M = 1 l

M = 1 l

Q

h 
=

 4
00

 m
m

C

0 < L < 250 ml/min

0 < Q    < 1.5 kWB

T3

T2

T1

Figure4.2: Pilot plantscaledistillationcolumn

weresetto thearithmeticmeanof theboiling pointsof thetwo componentsto beseparated
in thesection9O[ � � � �H]\ � 9': � � !^9O: � � %'�G� . Thechosencontrollertypefor theexperimentsis a
standardPI-controller, which weretunedto beratherslow to avoid excessivecontrolaction
duringstart-upandin thepresenceof disturbances.

Thermocouplesarealsoplacedin theliquid phaseof theintermediatevesselsandin the
reboilerfor monitoringpurposes.A secondthermocoupleinstalledin thereboilermeasures
thesurfacetemperatureof theheatingelement,andthereboilerduty is adjustedby control-
ling thetemperaturedifferencebetweenreboilerholdupandheatingmantle.Theprocessis
interfacedto aPC-basedcontrolsystemwith asamplingfrequency of 1 Hertz.Productcom-
positionanalysisis performedoff-line by meansof a gaschromatograph.Theintermediate
vesselsaresuppliedwith heatingtapes,but afterproperlyinsulatingtheapparatusthesewere
not usedfrom experiment4 onwards.Start-upof theexperimentalsystemis alwaysfrom a
columnat roomtemperaturesuchthat the liquid holdupin thereboilerhasto beheatedup
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to its boiling point.

After someinitial experiments,the following start-upprocedurewasusedfrom experi-
ment5 andonwards:

� Thethreetemperaturecontrollers(linking columntemperatureandreflux to asection)
areactivatedassoonasvaporreachesthetopof thecolumnandliquid startscondens-
ing.

� Thereflux flow at the top of thecolumn( � � ) is setto a minimum valueof 5 ml/min
to ensureaminimumdegreeof separationandto avoid emptyingthereboiler. Further,
due to condensationof vapor in the intermediatevesselsduring the start-upperiod,
liquid is recycledto thecolumnsections.

� For similar reasonswerequireat any time that � P Y � H Y � � ona volumetricbasis.

� Thefollowing PI-settingswereusedfor thetemperaturecontrollers: _`7 ��aR@MK?K bdcb �CeWf ,g�h � � ��Bji �;k
, g�h � H �/.Wli �;k

and g�h � P �=Bmi �;k
.

4.3 Experimental Results

The experimentalresultsverify that the closedoperationwith temperaturecontrol indeed
works in practice. A summaryof the experimentsaregiven in Table4.1. In the tablewe
givetheinitial feedcomposition,aswell asthemolefractionof themaincomponentin each
vesselandthe impurity ratio in the intermediatevessels2 and3 at the endof the experi-
ment. The impurity ratio givesan indicationof in which directionwe have to changethe
temperaturesetpointin thesectionadjacentto avesselto achievea certainproductquality.

For ourmixturewith similar relativevolatilities,weconjecturethatthedegreeof separa-
tion for acomponentin theintermediatevesselis maximized( i.e.

� �
for themaincomponent�

is maximized)whentheimpurity ratio
� � ���G* � � %'� is reasonablycloseto 1.

All experimentswereperformedwith atotal liquid feedof approximately4 liter. Mostof
theexperimentswereperformedwith the liquid chargedto the reboiler(start-upprocedure
1), exceptfor experiment4, 10, 11 and14 wereapproximately1.5 liter of the initial feed
mixture was distributedevenly to the two intermediatevesselsand accumulator(start-up
procedure2) .

In Figures4.3 to 4.5 we presenttemperaturetrajectoriesin productvessels,controlled
temperaturesin columnsections,volumetric liquid reflux flows and the heatinput to the
reboilerfor threeselectedexperiments;no. 4, 7 and12. Experiments7 and12 usestart-up
procedure1 whereasexperiment4 usesstart-upprocedure2. To illustratetheoperationthese
experimentsarediscussedin somedetailbelow.
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Table4.1: Summaryof experiments
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Note: The liquid was initially charged to the reboiler vessel,except for the experiments
markedwith � where thefeedwasinitially distributedto all four vessels.
Temperaturesetpointsin all casesare 9O[ � � ����BR.?@C�R�&K0BR@MB��R� .Wl�BR@Ca�� D F
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4.3.1 Experiment 12: Feedinitially in reboiler

In Figure4.3 we show asa functionof time, the temperaturesin thevessels(a) andin the
columnsections(b), the reboilerheatinput (c) andthe liquid flows to eachcolumnsection
(d) for experiment12. Notethatthetimeaxisis definedsuchthat

� ��l whenthefirst liquid
startsflowing ( � � Y l ).

Thestart-upandoperationof thecolumnis explainedby referringto Figure4.3 andis
as follows: The feedcharge is filled to the reboilerandheatedto its boiling point by an
electricalheater. The boiling point of the feedmixture is reachedat about

� � � lR@�.���� ,
indicatedby theincreasein thecolumntemperatures9 � . Whenliquid startscollectingin the
uppermostvessel(

� �2l ) thethreetemperaturecontrollers9 F �
areactivatedandreflux � � is

recycledto thecolumnsections.
Sincethe implementedoverrideon the reflux flow control require � P Y � H Y � � , the

refluxflowsfollow eachotherfor approximately0.5h. For
��Y .�� , therefluxflow controllers

manipulatetheflowsandthecolumntemperature9 � (Fig. 4.3b) approachtheirsetpoints9O� � � .
Thecontrolactionof thetemperaturecontrollersindirectly adjustthelevel in vessels��� to�	P (not measured).Operationis continuedfor a pre-specifiedtime (at least3 h) until the
columnapproachesasteadystate3.

4.3.2 Experiment 4: Feedinitially distrib uted

Experiment4, presentedin Figure4.4wasperformedwith start-upprocedure2, thatis liquid
distributedover thecolumn;approximately60 % of thefeedchargewasfed to thereboiler,
the restwasaddedto accumulator( ���N� andintermediatevessels( �	H and �	P ). The initial
(feed)compositionwasidentical in all vessels.The start-upwasperformedin the follow-
ing order:All heatingelementswereactivatedsimultaneously, afterestablishingvaporflow
throughthe columnandcontinuouscondensateflow into the accumulator, reflux flow was
setmanually. Manualrefluxcontrolwasnecessaryto avoid thata largeamountof subcooled
refluxenterthecolumnandcauseflooding.FromFigure4.4weseethatvesseltemperatures
(a)andcontrolledcolumntemperatures(b) level outatabout

��Y am� . Experiment4 wasper-
formedwith PI-controltunings _���� �R@Ma bdcb �MeWf and g+h �/�i �;k

; thesesomewhatagressive
tuningsareresponsiblefor theoscillatoricreflux flow from

��Y aR@MB�� . Theexperimentwas
stoppedat

��� ��� andsamplesfrom theproductsweretakenandanalyzed.

4.3.3 Experiment 2: Product compositiontrajectory

Experiment2 wasperformedwith a feedmixturesimilar to experiment12andwith thefeed
chargedto thereboiler. ThePI-controltuningsarethesameasin experiment4.

Thecompositionsof themaincomponentin thevesselsandthemostimportantimpurities
from experiment2 areshown in Figure4.6. Fromcompositionanalysiscanbeseenthatthe
primarypurificationis finishedafterapproximately3.5h for this experiment.

3With a holdupof about500ml in eachvesselanda reflux flow in excessof 15 ml/min, thevesselcompo-
sition timeconstanton volumetricbasisis about�G�'� �¢¡�¡¢£�¤¦¥ §&�¨£�¤¦¥¨£Z©Uª��¬««£Z©Uª .
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Figure4.3: Experiment12: Temperatureresponsesin vessels(a), in columnsections(b),
reboilerheatinput (c) andvolumetricreflux flowsasfunctionof time recordedfrom experi-
ment12

Comparingthetrajectoriesof themaincomponentsin thevessels(Figure4.6, top) with
thesimulation(Figure4.9,top),weseethatthetrajectoriesaresimilar in shapefor thepurifi-
cationof themaincomponentsin accumulator, intermediatevesselsandreboiler. Compara-
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bletrajectoriesfor theimpuritiesin thevesselholduparefoundfor accumulator, intermediate
vessel2 andreboiler.
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Figure 4.4: Experiment4: Temperatureresponsesin vessels(a), in column sections(b),
reboilerheatinput (c) andvolumetricreflux flowsasfunctionof time recordedfrom experi-
ment4
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Figure 4.5: Experiment2: Temperatureresponsesin vessels(a), in column sections(b),
reboilerheatinput (c) andvolumetricreflux flowsasfunctionof time recordedfrom experi-
ment7
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Figure4.6: Experiment2: Compositionsof maincomponents(top) andthelargestimpurity
(bottom)determinedfrom experiment2

4.4 Simulation of experiment12

In thissectionwepresentsimulationresultsfor asimpleequilibriumstagemodelwith condi-
tionssimilar to thosein experiment12. Thedatausedfor thesimulationsaregivenin Table
4.2.Thenumberof theoreticalstagewasadjustedto matchtheobservedcompositionsat the
endof theexperiment.

At start-upall liquid is fed to thereboilerandweassumethecolumnis “hot”. Theinitial
reflux flow is setto L = 0 mol/h. We usePI-temperaturecontrollerswith anoverrideaction
werethe minimum reflux flow are � P Y � H Y � � on volumetricbasisasdescribedin the
experimentalsection.

The feed mixture containsmethanol,ethanol,n-propanoland n-butanol with boiling
pointsof thepurecomponentsof 9O: � � �®�¯<?>°@MBR�¢B?KA@�LA�¨Q�BR@Ca�� .�.�BR@MBX� D F . For simplicity thecol-
umntemperatureis computedto betheaverageof theboiling temperatures9 � ±J²°³�µ´ � � � \9O: � � (this seeminglycrudesimplificationhaslittle effect on thecomputedtemperatures).As
describedin theexperimentalsection,thesetpointsfor eachtemperaturecontrollerwassetas
themeanboiling temperatureof thetwo componentsbeingseparatedin thatcolumnsection,9¶[ � � �"�·BR.�@M�R�¨K0BR@MB��R�+.Wl0BR@MaX��DGF .

Weuseproportional-integral temperaturecontrollersto manipulatethereflux flow,

� � � _�7 \ � 9 � �¸9¶[ � � ��! �¹»º½¼�¾¿ � 9 � �¸9¶[ � � � �0�
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with controllergain is _`7 � � aR@�K�K bdcb �Ce f andan integral time g � �À��B�� .WlA�¢B��'i �Ák
asin the

experiment.Thetemperaturesensorsfor controlpurposearelocatedcloseto themiddleof
eachcolumnsection.In thesimulationweusean“integer” numberof trays,numberedfrom
thetop,thecontroltraysin thesimulationare 9OÂ , 9��ÁÃ and 9'HÄÂ , whichcorrespondto traysT1,
T2 andT3 in theexperiment.

Table4.2: Simulationof experiment12: columndataandinitial conditions
Simulation Experiment

Numberof components Å 7�ÆÈÇ
Relative volatility É � ÆËÊ¯ÌEÍ·Î?ÏÄÇ0Í·Ð?Ï�Ñ?Í·Ò?Ï¢ÓNÔ �
Totalnumberof stages ÅjÕ D Õ ÆÖÒ × H
Numberof sections Ò Ò
Numberof stagespersection Å � ÆËÊCÓ¢Ñ?Ï�Ø?Ï�Ø�Ô H
Initial Vesselholdups Ù ¿ Æ¸×�Í¯×0ÓÛÚÝÜ Þ Ù ¿ Æ¸×ßÚÝÜ+Þ
Trayholdups Ù � ÆÖ×�Í¯×0ÓdÚÝÜ Þ àRáãâ?á½Ü+äåá
Initial composition æ � � ¿ ÆËÊ ×�Í·ØWØ?Ï�×�Í¯×W×XÌEÏ�×�Í¯×W×XÑ?ÏG×�Í¯×�×0Ó&Ô àRáãâ?á½Ü+äåá
Initial reflux flows ç � � ¿ Æ¸×åÚÝÜ Þ$è é ç � � ¿ Æ¸×�ÚÝÜ+Þ$è é
Final reflux flow ç � � ¾ ÆÖÒ ×�ÚÝÜ+Þ$è é ç � � ¾ëê Ñ�ÌåìíÑîÚÝÜ Þ$è éç H � ¾ëê ÑWÎßìíÑîÚÝÜ Þ$è éç P � ¾ëê ÒWÒßìíÑîÚÝÜ Þ$è é
Vaporflow ï PÕ ´ ¿�ð ÆÖÒWÑåÚÝÜ ÞIè é ï Õ ´ ¿ ð ê ÒWÑßì3Ñ+ÚÝÜ Þ$è éïñÕSò ¾ëê Ò ×�ÚÝÜ Þ$è é ï0ÕSò ¾ëê Ò ×ßìíÑåÚÝÜ+Þ$è é
Total initial reboilercharge Ù T ÆÖÐWÐåÚÝÜ Þ Ù T ê ÐWÐåÚÝÜ Þ
Initial reboilercomposition óô ÆëÊ ×�Í·ÑWõ?Ï�×�ÍµÓ¢Ñ?Ï�×�ÍµÓ¢Î?Ï�×�Í¯ÇWÇ Ô ó�ô ê Ê ×�Í·ÑWõ?Ï�×�ÍµÓ¢Ñ?Ï�×�ÍµÓ¢Î?Ï�×�Í¯ÇWÇWÔìö×�Í¯×0Ó
Final reboilerholdup Ù T ÆÖÑWÐåÚÝÜ Þ Ù T ê Ñ+Ç�ìíÑåÚÝÜ Þ� Approximateddatafor mixture: methanol- ethanol- n-propanol- n-butanol;H Determinedfromexperimentaldata(roundedto thenext integer) excludingreboiler (note

that thereboileris a theoretical stage)P Thesteadystatevaporflow is computedfrom ÷/�=ø�:�ù?úÝûýüGþ»ÿ�� �
Thesimulatedresponsesfor vessel(a) andcolumn(b) temperaturespresentedin Figure

4.7 arein goodagreementwith the experimentaldatain Figure4.3. Onemajor causefor
differencesaretheneglectedheatlossfrom theintermediatevesselsin thesimulation.Fur-
thermorewe do not compensatefor possiblesubcoolingof the reflux flow. Thevolumetric
reflux flows (seeFig. 4.7 c) show a somewhatdifferentresponsewith respectto the initial
increasein refluxflow

���
comparedto theexperiment(seeFigure4.3d), howevertheoverall

trajectoriesaresimilar.
With the temperaturesetpointsgiven,we achieve for a feedcharge of � ���	��
����������

anda compositionof ��� ���������! �"#���%$&�'"(���)$&*�"(�'�,+�+.- the steady-stateliquid holdupandcom-
positions( /10 2 ) given in Table4.3. The achieved productcompositionscomparewell
with the experimentalresult presentedin Table4.1; the differencesin compositionareat
maximum 3 �4�������! mole fraction units. Nevertheless,considerabledifferencesbetween
experimentandsimulationarefoundfor theimpurity ratio 3 �6587 ù�3 �:9;7 . Thosedifferencescan
bepartly explainedbecausewe useanintegernumberof stagesin thesimulations.
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Figure4.7:Simulationof experiment12: Vesseltemperature(a)andtraytemperature(b) and
volumetricrefluxflow (c) asa functionof time(to becomparedwith experimentalresultsin
Figure4.3)

In Figure4.9, we presentcompositiontime responsesof themain componentsandim-
puritiesin thevesselsfor thesimulationof experiment12.

In Figure4.10weplot simulatedcompositionprofilesover thecolumnfor thefour com-
ponentsfor times / ���<����'"�$�"(�'"(=�"( �-?> . Theseprofilesshow nicely how the individual com-
ponentsaccumulatealongthethecolumnduringoperation.Thesimulatedtemperaturepro-
file over the columnis presentedin Figure4.11. A pronouncedgradientin temperatureis
observedcloseto thecenterof eachcolumnsection,whichresultsin a temperaturemeasure-
mentwith sufficient sensitivity for controlpurposes.
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Figure4.8: Simulationof experiment12: molar vesselholdup(a), molar vaporflow and
molarrefluxflow (b) asa functionof time

4.5 Discussion

4.5.1 Main lessonsfr om the experiments

Following our initial proposalfor closedoperationwith indirect level adjustmentbasedon
temperaturecontrol (Skogestadet al. 1997),concernswereraisedthat this would not work
in practice,for example,due to the possibility of non-uniquenessin the specificationsor
otherunforeseenreasons.Theaim of thisstudywasthereforeto confirmexperimentallythe
feasibility of theproposedmethodfor operation.

Theconclusionis that theexperimentsalmostcompletelyverify whatwasfound in the
simulationsandwe find that it is very easyto operatethe columnin this way. Exceptfor
someinitial monitoring during start-upto make surethar the reboiler is not emptied,the
columnessentially“runs itself”. Theonly modificationsmadecomparedto thesimulations
in Skogestadet al. (1997)were to includesomeminimum liquid flows during the startup
period,andto addintegralactionto thecontroller. Theintegralactionis neededto adjustthe
biastermfor liquid flows(in thesimulationsweusedaP-controllerandsetthebiasequalto
thevaporflow,

� � � @ �BAC�<�����ED�F	- , but this doesnot work in practice,becausewedo not have
aperfectmodelandaconstantandknown valueof theboilup).
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Figure4.9: Simulationof experiment12: vesselcompositions(a) andmajor impurities(b)
asa functionof time

Table4.3: Simulationof experiment12: Steady-stateholdupsandcompositions

Vessel1 Vessel2 Vessel3 Vessel4� 14.91 5.83 9.69 24.663 7 0.967 0.032 0.0 0.03HG 0.033 0.947 0.044 0.03 � 0.0 0.021 0.934 0.02538I 0.0 0.0 0.022 0.9753 �%587JD 3 �:9;7 - 1.52 2.00 -

4.5.2 Suggestionsfor controller tunings

PI-controllerswereusedto manipulatethe liquid flow to keepthe columntemperaturein
the middle of the sectionbelow at its setpoint. The operationdependssomewhat on the
controllertunings;a highercontrollergain may give a somewhat fasterresponse,but may
result in a noisy responseandproblemswith saturationof themanipulatedvariables.As a
startingpoint for thecontrollergainwesuggestthevalueKML �ONQPR;SUT
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where
�

is the nominal liquid flowrateand VXW;Y is the differencein boiling pointsof the
componentsto be separatedin the section.With this controllergaina changein composi-
tion correspondinga full boiling point differenceis neededto make a liquid flow change
of 100 %. For example,for our experimentalcolumn we have at the top of the column
(vessel1)

� D VXWZY �[N\�!��D'$&=��, ^]`_] ���&a �bNc$��,+edf]g_] ���&a , andat thebottom(vessel3)
� D VXWZY �N\.�eD��!����^]`_] ���&a �hNi�'��+jf]`_] ���&a . In the experimentswe useda somewhat highercontroller

gain of
KCL � N\�k��*�* ]g_] ����a (in all vessels).Also, recall from experiment4 that a gain ofKCL �ONi'��=f]g_] ����a wasfoundto betoohighasit gaveasomewhatoscillatoryresponse.
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Figure4.10:Simulationof experiment12: Evolutioncompositionprofileovercolumn

Theintegral time usedin theexperimentswasabout5-10minutes.This is about1/15of
the time to evaporatetheentirefeedmixture (internalcirculationtime) which wasabout2
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hoursin our experiments.
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Figure4.11:Simulationof experiment12: Evolution temperatureprofileovercolumn

4.5.3 Justification for column temperature control

In theexperimentswe keepthetemperaturein themiddleof eachcolumnsectionat a given
setpointvalueby manipulatingthe liquid reflux into the section. The setpointvalueis es-
sentiallythecut-pointtemperaturebetweenthecomponents(fractions)to beseparated.This
controlstrategy hasprovento bework verywell, bothin simulationsandexperiments.

At first this mayseemsomewhatsurprising.For example,if we specify WZlmG �n*ed'��d�.oqp
(middle of the column), then there is clearly an infinite numberof possiblemixturesof
methanol-ethanol-propanol-butanolwith this boiling temperature.However, thereis only
onebinary mixture of ethanol-propanolwith this boiling temperature,so provided we are
ableto establishsomeinitial profile in thecolumn,therelationshipbetweentemperatureand
compositionis unique.
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Thus,thereseemsto beat leasttwo reasonswhy the control strategy basedon column
temperaturecontrolworksin practice:

1. Steady-stateuniqueness.
Consideracolumnwith r NM$ sections(andthuswith r N1$ temperaturesetpoints)sepa-
ratingamixtureof r givencomponentsin acolumnwith afixednumberof theoretical
stages.We conjecturethat thereis then a uniquesteady-staterelationshipbetween
thetemperaturesetpointsandthevesselcompositions.Furthermore,this relationship
is independentof the initial feedcomposition,except for someazeotropicmixtures
wheretheremaybeseveralregions(Hilmenetal. 1999).

The conjecturehasbeenconfirmedby simulationsandthe experimentspresentedin
this paper. It is alsoconfimedby thethermodynamicanalysisof Hilmen et al. (1999)
for ternarymixtureswho point out that the steadystatetemperatureprofile will be
identicalto thedistillation lines(which arecloselyrelatedto theresiduecurves).

2. Unique dynamic response(no inverseresponsebehavior).
We conjecturethat the dynamicresponsefrom the reflux (manipulatedinput) to the
temperaturein the sectionbelow (controlledoutput)hasno inverseresponsebehav-
ior (unstablezerodynamics;RHP-zeros)which may causecontrol difficulties. This
is basedon the assumptionthat the temperaturedecreasesaswe go up the column.
An increasein liquid reflux will thenresultin decreasein temperaturein thecolumn
sectionbelow.

4.5.4 Alter nativecontrol variables

We have establishedthatcolumntemperaturecontrolworkswell. We argueherethatsome
of thealternativeschemese.g. basedon vesselcompositionsor vesseltemperature,will not
work in practice.

Composition measurementof main componentin vessel

This is of coursewhatwe reallywantto control.However, therearetwo seriousproblemsif
compositionis usedfor feeedbackcontrol:

1. Steadystateconsiderations.
Most seriously, the compositionspecificationsmay not be achievablebecausethere
aretoofew theoreticalstages.In anothercase,agivenspecificationmaybe“too easy”
comparedto thenumberof stages,andwe mayquickly meetthespecificationin one
vessel. However, if we have not yet reachedthe specificationsin the othervessels,
thenwe will have difficulty trying to keepthe compositionat this “easy” value (as
confirmedby simualtions).

2. Dynamicconsiderations
Thedynamicresponseis notuniqueandinverseresponsebehavior mayresultbecause
the effect of a changein reflux on compositionof the main componentin the vessel
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will dependon the distribution of the impurities. If the impuritiesaremostly heavy
component,thenwe needto “move” someof the vesselholdupdown to the vessel
below, andanincreasein reflux(i.e. theflow outof thevessel)will increasethepurity
of maincomponent.However, if the impuritiesaremostly light component,thenwe
needto “move” someof thevesselholdupup to thevesselabove, andan increasein
reflux will only make the situationworseby transferringthe main componentto the
vesselbelow. Thus,the sign of the gain from reflux to compositiondependson the
operatingpoint,andsuchasystemis almostimpossibleto control.

Thesedifficultieshavebeenconfirmedin simulations(Wittgens,1999).

Temperature measurementin vessel

This variablehasthe sameproblemwith respectto inverseresponsebehavior asjust men-
tionedfor the compositionof the main component.In addition,we will have the “usual”
problemof sensitivity to measurementerror andnoisewhich is alwaysencounteredwhen
weusetemperatureasanindicatorof compositionfor ahigh-purityproduct.

In conclusion,useof columntemperaturesis simpleandalsoseemsto bethebestmea-
surementto usefor controllingthemultivesselcolumn.

4.5.5 Optimal operation

Therearesomedegreesof freedomfor optimizing theoperation.Theseincludeinitial dis-
tributionof holdupsetpointtemperatures,andcontrollertunings.

Simulationsandexperimentshaveshown thattheexactvalueof thesetpointtemperature
is not importantaslong asthe columnhassufficient numberof stagesfor thedesiredsep-
aration. Thususingtheaveragebetweentheboiling pointsis a goodchoicein mostcases.
Also, notethatwith a sufficient numberof stageswe mayachieve any desiredpurity in the
intermediatevessels(seeSkogestadetal. 1997).

Theinitial holdupdistributionhassomeeffect,andit seemsfrom simulations(Furlonge
et al. 1999andHasebeet al. 1999)that in mostcasesit is bestin termsof minimumbatch
time to charge the feedto the reboiler. In additionwe have found experimentallythat it is
easierto establisha goodinitial compositionprofile with light componentin the top if we
chargethefeedto thereboiler.

4.5.6 Closedoperation of conventional batch distillation

Our experimentalwork is for a multivesselcolumn,but obviously it also “simplifies” the
closedoperationof aconventionalbatchcolumnwherewe includea topproductvessel(see
Figure4.12).

Theclosedmodeof operationbasedonasingletemperaturemeasurementis verysimple
andrequiresminimal operatorinterventionandmonitoring.For example,onecanleave the
columnby itself withouthaving to worry thatwewill getbreakthroughof heavy component.
Simulationsalsoindicatethat it compareswell with conventionalbatchdistillation from an
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energy point of view. It is thereforevery surprisingthatthereis no perviousmentionof this
modeof operation(seeFigure4.12)in theliterature,at leastto ourknowledge.
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Figure4.12: Controlschemefor closedoperationof conventionalbatchdistillation column
(two-vesselcolumn)

4.6 Conclusions

Theexperimentsshow verygoodagreementwith thesimulations,andconfirmthatthemul-
tivesselcolumn can be easily operatedwith a simple temperaturecontrollers,where the
holdupsareonly controlledindirectly. For a givensetof temperaturesetpoints,we confirm
thatthefinal productcompositionsareindependentof theinitial feedcomposition.
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Chapter 5

Alter native Control Structur eof
Multi vesselBatch Distillation

Abstract

The multivessel batch column presentedin the previous chapter
provides a generalizationof previously proposedbatch distillation
schemes.Compositioncontrol of this schemeis necessaryif varying
feedcompositionsaredistilled in onecolumn.A simplefeedbackcon-
trol strategy, basedon temperaturemeasurementson thecolumnis pre-
sented.Thefeasibility of this strategy for widely varyingfeedcompo-
sitionsis demonstratedby simulationsandits performanceis compared
to control structuresbasedon compositionmeasurements.Initial in-
vestigationson thestart-upprocedureof theprocesswill bepresented
whichdemonstratetheversatilityof thecolumnandits controlsystem.

5.1 Intr oduction

Themultipleheat-integratedbatchdistillationcolumn,or “multi-effectbatchdistillationsys-
tem” (MEBAD) (Hasebeet al. 1995)wassuggestedasan alternative to a train of contin-
uouscolumnsfor the separationof a multicomponentmixture. A control schemeof this
configurationwassuggestedby Hasebeet al. (1992 and1995). The proposedoperation
is characterizedby total reflux, in additionfrequentproductcompositionmeasurementand
re-optimizationof the vesselholdup is performed. An off-line optimizationof the vessel
holdup,andthusproductcompositionwill not copesufficiently well with disturbancesin
feedcompositionor amount.

In its most generalcase,the multivesselcolumn designedfor the separationof z w -
componentswill consistof z w -vesselsand z w N�$ columnsectionswhich interconnectthe
vessels.Thecolumnhas z w N�$ -degreesof freedom,that is if we specify z w N�$ holdups
(Hasebeet al., 1995)all productcompositionsarespecified,however, this openloop oper-
ation is not robust concerningfeed-disturbances.A generalizedfeedbackcontrol structure
of this columnconfigurationis shown in Figure5.1,themanipulatedvariablesarethereflux
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flows outof vessels1 to 3, notethatmeasuredvariablesareomittedin Figure5.1.
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Figure5.1: Multivesselbatchdistillationcol-
umn

Compositioncontrol of the multivessel
batchdistillation column is not as straight-
forwardasexpectedfrom conventionalbatch
distillation. Direct compositioncontrol will
consistof specifyingtheconcentrationof the
maincomponentin z w N�$ -vesselssimulta-
neously, andapplye.g. controllerswhichad-
just thereflux flow to a columnsection.Pre-
vious work on multicomponentdistillation,
show thata singlecompositionspecification
in a multicomponentsystemnot necessarily
give a uniquesolutionwith respectto prod-
uct compositionif singleloop controllersare
applied(JacobsenandSkogestad,1991).

Alternative to a direct compositioncon-
trol, productcompositionestimationor con-
trol basedon secondarymeasurementsis
suggested. Secondarymeasurementsare
frequently usedin distillation column con-
trol (Kister, 1990; Mejdell, 1990) primar-
ily cascadedto productcompositionanaly-
sis, theseschemesin generalspeed-upthe
responsessuch that a bettercontrol perfor-
manceis achieved.Applicationof secondary
measurementson the multivesselcolumn is
straightforward,insteadof specifying z w N$ -holdup, z w N�$ -temperaturesarespecified
(Skogestadet al. 1997). Of coursethis does
notapplyduringstart-up,neverthelessif time
increasesa binaryseparationis performedin
eachsectionof themultivesselcolumn,thus
specificationof the temperatureof a binary
mixture(assumedconstantpressure)resultin
a uniquecomposition.

This chapterwill outline thedevelopmentof thecontrol structure,startingfrom an ini-
tially proposedpolicy (Hasebeetal. 1995)wheretheinitial feedcompositionandits amount
is well known, thus the final productcompositionscande determinedby infrequentmea-
surementsof holdupsandtheir productcomposition.In section5.2we outlinetheproposed
implementationof themultivesselcolumnandpresentdynamicsimulationresultsof its open
loop (uncontrolled)operation,this is, we keepthevesselholdupsconstant.Control strate-
giesbasedonthedirectcontrolof thecompositionby adjustingtherefluxflow arepresented
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andcomparedto the feedbackcontrol systempresentedby Skogestadet al. (1997). We
demonstratethe feasibility of the feedbackcontrol structureanddemonstratethat the final
productcompositionis independentof feedcompositions.Finally, astart-upproceduremore
orientedon thepracticalimplementationon a pilot plant is considered.For an introduction
to theprocessanda review of theliteraturewe referto chapters1.4and3.

5.2 Total Reflux Operation

In this sectionwe follow Hasebeet al. (1995)andpresentsimulationswhich demonstrate
the feasibility of the multivesselbatchdistillation undertotal reflux. This basicoperation
policy keepsthevesselholdupconstant.In practicethiscanbeachievedby fixing theheight
of anoutletweir1.

Themodelappliedis presentedin theappendixto chapter3. A summaryof datafor the
columnandfeedmixturefor thesimulationexamplearegivenin Table5.1.

Table5.1: Summaryof columndataandinitial conditions
Numberof components z L = 4
Total numberof stages z�
 o 
�� =�=
Numberof sections z���� =
Numberof stagespersection z�
�� $!$
Vesselholdup � ] � �'�� y �����
Trayholdup � 
������,��$ y ���.�
Total initial charge � 
 o 
���$&�'��=�= y �����
Refluxflow

� � $&� y �����ED�>
Vaporflow A � $&� y ������D!>
Thenumericalvalueof ratiosof therelativevolatilities is
chosento becloseto theexperimentalsystemin thepilot
plant. Constantmolar flowsareassumed.

Theholdupof eachvesselis calculatedin advanceby takinginto accounttheamountof
feed,feedcompositionandproductspecifications.After feedingthepredescribedamountof
raw materialto thevessels(identicalholdupsandcompositionsin eachvessel),total reflux
operationwith constantvesselholdup is carriedout until the compositionsin all vessels
satisfytheir specifications.

Thedistributionof liquid overthevesselscorrespondsto astart-upfrom a“hot” column,
this is, aninitial compositionprofileover theentirecolumnaswell asflowsandholdupsare
established2.

1Noteweassumeconstantmolarvolumeanddensity.
2Basicallywe assumethattheentirecolumnis filled with a feedmixtureat boiling point. Onemight argue

that this is a rathercrudeassumptionsincethe light componentaresupposedto accumulatein theupperpart
of thecolumn,while theheavier tendto accumulatein thebottom.Neverthelessthesimulationsshow thatthe
transientphasefrom assumedstart-upcondition to operation(initialization phaseof the simulation)is short
comparedto thedurationof thesimulatedoperation.
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Typical simulatedcompositionprofilesasa functionof time areshown in Figure5.2 for
a four-componentmixturewith aninitial feedcompositionof

���j� 7����<������'"(������'"#�����!'"(�������- (5.1)

The simulationis terminatedwhen either the productspecificationsin all vesselsare
fulfilled, thatis

3 � ÿv� L�� �����,����"#������'"(���,�e'"(�'������- (5.2)

or thederivative of all compositionsis lessthan ��3 D ��/ ��$&� 5k� , which is definedassteady
statecondition.As timegoesto infinity thesteadystatecompositionspresentedin Table5.2
areachieved,additionalthecompositionprofile of thefour componentsover thedistillation
columnis shown in Figure5.3. The operationpolicy of keepingthe holdupof the vessels
constantmay be difficult to achieve in practiceandalso is very sensitive to errorsin the
assumedfeedcomposition.

Consideringacasewheretheactualfeedcompositionis

���j� G � �<���,=���"(�'�%$&�'"(����+e��"(�����!�.- (5.3)

but theholdupof eachvesselis equalto theexamplewith feedcomposition���j� 7 in Eq. 5.1.
This resultsin large changesin the final vesselcompositionsasseenfrom Table5.3. For
example,thepurity in vessel2 is reducedfrom 3HG ���'���e.� to 3HG ������+e�!+ . Thecomposition
profile for feedmixture ���j� G over the distillation columnat steadystateis shown in Figure
5.4 for theconstantholduppolicy.
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Figure5.2: Constantvesselholdup(openloop): Compositionresponsein accumulator(M1),
vessel2 (M2), vessel3 (M3) andreboiler(M4) for feedmixture ���e� 7
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Table5.2: Constantvesselholdup(openloop): Steadystate( / � 2 ) compositionfor initial
feedcomposition���e� 7

Vessel1 Vessel2 Vessel3 Vessel4� ��� y �����?- 2.5 2.5 2.5 2.53 7 0.993 0.017 0.0 0.03HG 0.007 0.959 0.025 0.03 � 0.0 0.024 0.963 0.00438I 0.0 0.0 0.012 0.996

Table5.3: Constantvesselholdup(openloop): Steadystate( / � 2 ) compositionfor initial
feedcomposition���e� G

Vessel1 Vessel2 Vessel3 Vessel4� ��� y �����?- 2.5 2.5 2.5 2.53 7 0.999 0.203 0.0 0.03HG 0.001 0.404 0.001 0.03 � 0.0 0.393 0.999 0.18038I 0.0 0.0 0.0 0.820
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Figure5.3: Constantvesselholdup(openloop): Steadystate( / � 2 ) compositionprofile
overcolumnfor feedcomposition���e� 7

To compensatefor thesefeedvariationsHasebeet al. (1995)proposea rathercompli-
catedalgorithmfor adjustingtheholdupbasedon measuringthecompositionandholdupin
thevessels.An off-line optimizationis performedto computenew setpointsfor the vessel
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holdup,thesearethenimplementedsubsequentlyby temporarilyadjustingthe reflux flow.
Total refluxoperationis resumedfor apredefinedtimeandthecycleof measuringthevessel
composition,setpointcomputationandimplementationis repeateduntil theproductcompo-
sition requirementsarefulfilled.
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Figure5.4: Constantvesselholdup(openloop): Steadystate( / � 2 ) compositionprofile
overcolumnfor feedcomposition���e� G

It is shown (Table5.3 andFigure5.4) that thefixedvesselholduppolicy will not work
if the initial feedcompositionis different from the designfeedandan openloop control
schemeis implemented(fixedvesselholdup).A compositioncontrolhasto beimplemented
to ensurethatproductcompositionrequirementsarefulfilled. Theabove proposedscheme
of indirect compositioncontrol (Hasebeet al. 1995) is rathercomplex, it requires,level
and reflux control loops, instrumentationfor compositionanalysisas well as an off-line
optimization.

5.3 Compositioncontrol by feedback

Theneedof a reliableandsimpleto implementcompositioncontrolhasbeendemonstrated
by the introductoryexample(seesection5.2). In the following sectionswe choosesome
meansof feedbackcontrol of the productcomposition,namelyby temporaryadjustingthe
reflux flow out of thevesselsbasedon someon-linemeasurement.Feedbackcontrolstruc-
turesemploying productcompositioncontrol arepresentedin section5.3.1and5.3.2. In
section5.3.3and5.4controlschemeswith indirectcompositioncontrolarepresented.

An exampleof a flowsheetof the multivesselbatchdistillation columnwith feedback
control structureis shown in Figure5.1. The separationof a mixture containing z L com-
ponentsrequire z L vesselsand z L N�$ control loops. Thecontrollers( p�� ) adjustthereflux
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flows(
� � ) outof thevessels( � � ) abovethatcolumnsection.Thisenablesanindirectcontrol

of theholdupsin thevessels3

Theoperationof thecolumnhasto beperformedsuchthatoperationalproblems,e.g. a
refluxflow is reducedto

� �Z��� or drainingof thevesselsareavoided.Therequirement,that
all refluxflows

� � � � , ensuresthatlight componentsareremovedfrom thevessels(constant
draining)andpropagatetowardsthe top of the columnwhile heavy componentaremoved
towardsthebottomof thecolumn.

5.3.1 Feedbackfr om vesselcomposition

A direct compositioncontrol schemefor
the multivesselbatch distillation column is
shown in Figure5.5, for simplicity only one
of the intermediatevesselsis presented,the
entire column with an alternative feedback
controlschemeis presentedin Figure5.1.

The proposedfeedbackcontrol scheme
consistsof compositionanalysis(e.g. gas
chromatograph),a reflux controller ( p�p�� )
anda reflux valve. Thesetpointof the three
necessaryreflux flow controllers pcp�� 4 are
givenby thefirst threeproductcompositions
(seeEq. 5.2).

It is assumedthat each gas chromato-
graphhasasamplingtimeof � ��������> 5. The
columnis initializedwith thefollowing start-
up conditions:feedcomposition���8G andliq-
uid feed at boiling point evenly distributed
over thecolumn( � � � @ ���'�� y ���.� ).
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Figure 5.5: Feedbackcontrol structurefor
multivesselbatch distillation, Composition
control in productvessel� �

For thepresentedsimulations,singleloopPI-controllersarechosen,thecontrolalgorithm
is: � ��� KCL��g���?  � � �1N   �?¡£¢¥¤§¦¨h©ª	« �?  � � �1¬   �E¡ ��¯® ¢ � � � ¨ (5.4)

where
� � � ¨ is thesteadystaterefluxflow to asection.Thecontrolparametersaresummarized

in Table5.4
3Note, we conjecturethat no level controlleror level measurementis necessary, even thoughit hasto be

ensuredthatvesselsarenot emptiedduringoperation.
4The closedprocesshasthreedegreesof freedom,suchthat, if threeproductcompositionsspecifiedthe

entiresystemis specified.
5Note, the analysistime of the gaschromatographis chosenaccordingto the equipmentwhich wasused

durig theexperimentalwork, seesection4
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Table5.4: Vesselcompositioncontrol:Datafor compositioncontrollers

composition Com- setpoint gain reset bias location
controller ponent

 ±° � � ²M³ time
�µ´

composition¶'·�¸.¹Eº�» © º�» ¶'·�¸.¹Eº�»
sensor¼c¼¾½

1 0.99 0.5 2 10 � ½¼c¼À¿
2 0.95 0.5 2 10 � ¿¼c¼ÀÁ
3 0.95 0.5 2 10 � Á

The controller gain was chosento ²CÂ4� Ã�Ä�Å ¶'·�¸�¹�º!» (for a deviation of
  ��� Ã'Ä ©from thesetpoint,the reflux flow is changedby Æ � �^Ã�Ä,ÃeÅ ¶k·�¸.¹Eº�» ). Thecontrollerreset

time (integral time) wassetto ªU« ��Ç » (estimatedfrom ª	«ÉÈbÊ �jË ), anda controllerbias� ¨ � © Ã ¶'·�¸.¹Eº�» which is identicalto thevaporflow. Thecontrollertuningwasdetermined
from trial anderror, primarily to avoid oscillationsof thecontrolloops.

In Figure 5.6 the vesselcompositions(a), main impurities (b), vesselholdup (c) and
refluxflows (d) asfunctionsof timearepresented.Thesimulationgave infeasibleresults,atcÌ�Í Ä�Ç » negative holdupin vessel2 areobserved(seeFigure5.6c),becauseof the reflux
flow outof vessel2 and3 (

� ¿
and

� Á
, respectively) areatall timeslargerthantherefluxflow� ½

from vessel1 (seeFigure5.6d) .
In Figure5.7 thecompositiontrajectoriesof all four componentsin vessel2 (top) and3

(bottom)areshown. Inspectingthetrajectoriesin vessel3 at ÏÎ Ç » show thatthecontroller
gainhasto changesignduringthecourseof operation.Thevesselcompositionscloseto this
point arepresentedin Table5.5. Froma controlpoint of view thereflux flow controllerhas
to changesignat  � © Ä,Ð » :Ñ ÓÒ © Ä�Ð » : theapproachto setpointis describedby Æ   �  ±° ¬   Á Ì Ã with

 8Ô Ì   ¿
:

anincreasein reflux
�

( Æ � Ì Ã ) is requiredsinceheavier thankey componenthasto
beremovedfrom this vesselÑ ¾Ì © Ä,Ð » still Æ   �  ±° ¬   Á Ì Ã but with

 8Ô Ò   ¿
a temporarydecreasein reflux

�
( Æ � Ò Ã ) is required

Even if in both cases( ÖÕ� © Ä,Ð » ) a positive deviation from the setpointis observed,
reflux flow hasto bechangedin oppositedirections,which in turn requiresa changein the
controllergainfrom ²CÂ Ì Ã to ²�Â Ò Ã .

Table5.5: Vesselcompositioncontrol: Compositionin vessel3

time
� Á � Á Comp.1 Comp.2 Comp.3 Comp.4× »�Ø × ¶'·�¸.¹Eº�»�Ø × ¶'·�¸�¹ÙØ   ½   ¿   Á  8Ô

1.4 10.161 2.842 0.009 0.031 0.897 0.063
1.9 10.123 3.037 0.002 0.021 0.951 0.026
2.4 10.124 3.259 0.001 0.060 0.929 0.010
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Figure5.6: Vesselcompositioncontrol for feedmixture Ú�Ûe� ¿ , vesselcomposition(a), impu-
rities (b), holdup(c) andreflux flow (d) asa functionof time

Similar conditionsapply to vessel2 (seeFigure5.6 top), at �Ì © » , concentrationof
component1 is still increasing.Thereflux flow out of vessel2 shouldtemporarilydecrease
to allow for heavier componentsto entercolumnsection2 andfinally accumulatein vessel2.
Further, it canbeseenfrom Figure5.6thatwith thenow implementedrefluxflow controller,
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, suchthat vessel2 is emptied. Note, that a cascadecontroller consistingof an

inner-loop adjustingtheholdupof thevesselby temporaryadjustingthereflux flow andan
outercontrol loop with anon-linecompositionmeasurementadjustingin thesetpointof the
level controllerwill havesimilar performanceproblems.
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5.3.2 Feedbackfr om control tray composition

A controlstructurewheretray compositionfrom thecenterof eachcolumnis appliedto ad-
just therefluxflow is investigated.In Figure5.8acontrolstructurewith directmeasurement
of the(liquid) tray compositionis presented.A liquid sampleis takenfrom trays6, 17 and
28 (seeFigure5.1 for the columnconfiguration)andon-line analyzedby meansof a gas
chromatograph.Thecompositionmeasurementhasa time delayof

Ë�Ü Ã�Ä�Ç » . Thecontrol
parametersaregivenin Table5.6.

In Figure5.9 the compositionof the main components(a) andmain impurities (b) in
the vesselsas function of time are presented.The productcompositionsare satisfiedat ÜOÝ Ä,ÃeÞ » , distillation hasto bestoppedin theinterval

Ý Ä,ÃeÞ�ß  ß Ý Ä Í » . At iÌ Ý Ä Í » the
productcompositionsof vessel2and3arenotlongersatisfyingthespecifications,distillation
hasto proceeduntil  Ü © Ã'Ä Ê�Ê » , at thistimeall four productcompositionsarefulfilled again.
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Table5.6: Traycompositioncontrol:Datafor compositioncontrollers

composition location Com- setpoint gain reset bias
controller composition ponent à ° � � ²C³ time á ´

sensor
¶'·�¸�¹Eº�» © º!» ¶'·�¸�¹Eº�»¼c¼¾½

6 1 0.5 0.5 2 10¼c¼À¿
17 2 0.5 0.5 2 10¼c¼ÀÁ
28 3 0.5 0.5 2 10

* locationof controltray, countedfrom top to bottom.
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Figure5.8: Tray compositioncontrol: Feed-
backcontrolstructureapplyingmeasurement
on controltrays6 ( à ½ ), 17 ( à ¿ ) and28 ( à Á )

In Figure 5.9 the trajectoriesof holdup
(c), reflux flow (d) andcontroltray composi-
tions(e)arepresented.Thetrajectoriesof the
traycompositions(seeFigure5.9e)show ex-
tensive changesin tray compositions,dueto
thefactthataconsiderableamountof compo-
nentshasto bemovedbetweenvessels.The
extensive changeson the control tray (time
interval Ã�Ä�ÇXß  ß Ý

) havesimilarcontrolim-
plicationsasan inverseresponse,which will
limit thespeedof controlconsiderably. Thus
a ratherslow controllertuninghasto becho-
senwhich allow for a settlingof the control
tray compositionstowardsthesetpoints.An
increasein controllergain,alternative reduc-
tion in integral time constantresult in drain-
ing of vessel2 (seeFigure5.9c).

The compositionprofilesover the columnat times  Ü × Ã�â(Ã'Ä�Å'â(Ç'â Ý Ä © Øg» areshown in
Figure5.10. Note, for simplicity the compositionprofile at  Ü © Ã�Ä Ê!Ê » is omittedsince
it is closeto thesteadystateprofile shown in Figure5.3. Thesimulationresultsshow that
purificationof thefour componentsalongthecolumnis feasible,providedasuitablecontrol
systemis applied.

Compositioncontrolby measuringtheproductcompositionin thecenterof thecolumn
andadjustingtherefluxbasedonthismeasurementis possible.Nevertheless,therathertight
time interval whereall four productcompositionsaresatisfiedrequiresa carefulprocedure
to determinetheshutdown of thefacility. ComparingFigures5.9 (a) and(e) shows thatad-
ditional to thetray compositionmeasurementsusedfor control,compositionmeasurements
placedin eachvesselarenecessaryto determinetheexact time whenall productcomposi-
tion specificationsaresatisfied.If productwithdrawl is not performedin the time-windowÝ Ä,ÃeÞ Ò��Ò Ý Ä Í » , distillation hasto proceeduntil  Ü © Ã�Ä Ê�Ê » , which correspondto an
approximatelythreefoldenergy consumption.
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Table5.7: Tray compositioncontrol: Productcompositionfor initial feedcompositionÚ�Û ¿
at  Ü�Ý Ä,ÃeÞ » andat steadystate Ü © Ã�Ä Ê!Ê »

time Vessel1 Vessel2 Vessel3 Vessel4ã � × ¶k·�¸.¹ÙØ 3.07 0.87 4.12 1.94à ½ 0.991 0.011 0.0 0.0 Ü�Ý Ä,ÃeÞ » à ¿ 0.009 0.950 0.015 0.0à Á 0.0 0.039 0.970 0.003à Ô 0.0 0.0 0.015 0.997ã � × ¶k·�¸.¹ÙØ 3.06 0.74 4.21 1.99à ½ 0.993 0.016 0.0 0.0 Ü © Ã�Ä Ê�Ê » à ¿ 0.007 0.970 0.044 0.0à Á 0.0 0.014 0.95 0.007à Ô 0.0 0.0 0.006 0.993

Due to the difficulty to determinethe correcttime for shutdown of the facility andthe
extensive control signal variations,temperaturemeasurementsare introduced. In Figure
5.11thetemperatureprofile over thecolumnat times  Ü × Ã�â(Ã�Ä�Å'âvÇ'â Ý Ä © Ø8» is presented.The
temperatureprofileshow threeregionswith rathersteeptemperaturegradientsnearthecenter
of eachcolumnsection6.

5.3.3 Feedbackcontrol basedon tray temperatures

From the introductoryexample(seeFigure5.3 in section5.2) we seethata pseudo-binary
separationis performedin eachcolumnsection. Assuminga binary separation,a unique
solutionof therelationbetweencompositionin acolumnsectionandmeasuredtemperature
is given. The needfor a morerobust, reliableandfastercontrol systemwasestablishedin
section5.3.2andtemperaturemeasurementswhereintroduced.

In thefeedbackcontrolstructure(seeFigure5.12)temperaturesensorsprovide theinput
signalfor theindividual reflux controlloops,thesesensorsarelocatedin themiddleof each
columnsection.Thesetpoints,ä ° � � , for eachtemperaturecontrollermaybe,in thesimplest
case,setastheaverageboiling temperatureof the two componentsbeingseparatedin that
columnsection,thesesetpointsareusedin thesimulationspresentedbelow. Alternatively,
they maybeobtainedby steady-statecalculationsto getadesiredseparation,or they maybe
optimizedwith respectto minimumbatchtimeor energy consumption.

6Thetray temperaturesarecomputedfrom åeæZçÖè�éëêæ�ì æ�í(åeîHï æ with åeîðç§ñ òôó�õ<ö�÷øövùmõ úm÷üû	ö�õþý&÷Jÿôÿ(ö�õþý������ as
boiling pointsof thepurecomponents,seechapter3 for detailson themodel.
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Thefeasibilityof ourproposedcontrolschemeis demonstratedby thesamecolumncon-
figurationasstudiedabove (seeTable5.1). Theutilized controllersaresimpleproportional
controllersasgiven in Table5.8. The controllergain ²C³ is chosensuchthat an off-set of�&Ã�
 ¼ resultsin achangeof 2.5kmol (25 % of thesteadystateflow).

Theproportionalcontrolalgorithmis:á � Ü ²C³��� ä ° � ��� ä �?¡£¢ á � � � (5.5)

where á � � � is thesteadystaterefluxflow to asection.

Table5.8: Tray temperaturecontrol:Datafor temperaturecontrollers

temperature setpoint gain bias location
controller ä ° � � ²C³ á � � �
 ¼ ¶'·�¸�¹Eº � 
 ¼ » ¡ ¶k·�¸.¹Eº�» �ä ¼¾½ 71.50 -0.25 10 6ä ¼À¿ 87.75 -0.25 10 17ä ¼ÀÁ 107.20 -0.25 10 28

* countingtop to bottom

To demonstratethat the proposedcontrol schemeis insensitive to the initial feedcom-
positionwe usetwo different initial feedcompositions,Ú�Ûj� ½ (Eq. 5.1) and Ú�Ûe� ¿ (Eq. 5.3).
With the given controller settingsandchosensetpoints(seeTable5.8), in both casesthe
samesteadystatecompositionsarereachedas ��� � (seeTable5.9). Thesesteadystate
compositionsareverycloseto thosefoundearlierfor feedmixture Ú�Ûe� ½ for aconstantvessel
holdupof

ã � Ü Ç'Ä�Å ¶'·�¸�¹ , compareTables5.2and5.9.Howevertheresultingholdupsin the
vesselsaredifferentin eachcase,asshown in Table5.10.Thenew feedbackpolicy ensures
thattherequiredproductqualitiesareachievedirrespectiveof theinitial feedcompositionby
redistributionof theliquid holdupalongthecolumn.For feedmixture Ú�Ûj� ¿ thevesselholdup
variesfrom Ã�Ä�Þ Ê�Ê ¶'·�¸.¹ for vessel2 to Í Ä��mÅ!Ð ¶'·�¸.¹ for vessel3.

In Figures5.13 and 5.14 the vesselcompositions(a), main impurities (b), the vessel
holdups(c), therefluxflows(d) andcontrolledtray temperatures(e)areshown asa function
of time.

Thecompositionprofilesasa functionof time for feedbakcontrolwith tray temperature
control areshown for mixture Ú�Ûj� ½ (Figure5.13,a andb) and Ú�Ûe� ¿ (Figure5.14,a andb).
The compositionresponsesfor feedmixture Ú�Ûj� ½ for the feedbackcontrol operationpolicy
arequitesimilar to thosefor thecasewith constantholdup(seeFigure5.2).Theapproachto
steadystateis somewhatfasterin vessel1 and4 andslower in vessel2 and3 for thecontrol
structureemploying temperaturecontrol. On theotherhandwith feedcompositionÚ�Ûj� ¿ the
new policy ensuresthattherequiredproductqualitiesareachieved. This is seenfrom Table
5.9 and is further demonstratedin Figures5.14 (a) and (b) which show the composition
profilesin thevessels.

For feedmixture Ú�Ûj� ¿ , the purificationof the holdupin vessels2 and3 is considerably
slower thanin theaccumulator(

ã ½
) andreboiler(

ã�Ô
) comparedto feedmixture Ú�Ûj� ½ (see
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Figure5.12:Tray temperaturecontrol: feedbackcontrolstructure

Figure5.14aandb). Theslowerapproachto steadystatein thecaseof thefeedbackcontrol
structureiscausedby temporarychangesin reflux(comparedto it’ ssteadystatevalue)during
theinitial timeof operation.Thefeedbackcontrollersareactivatedonstart-upandtheinitial
temperaturein the column(averageboiling point of the mixture) is ratherhigh/low in the
upper/lower columnsectioncomparedto it’ s intendedfinal temperature.This temperature
profile resultsin a ratherhigh reflux flow in the uppermostcolumnsection(reflux á ½ see
Figure5.13d and5.14d) suchthat light componentis forceddownwardstowardsvessel2.
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Table5.9: Tray temperaturecontrol: Steadystatecompositionsfor feedmixtures Ú�Ûj� ½ andÚ�Ûj� ¿
Vessel1 Vessel2 Vessel3 Vessel4à ½ 0.993 0.016 0.0 0.0à ¿ 0.007 0.967 0.034 0.0à Á 0.0 0.017 0.960 0.007à Ô 0.0 0.0 0.006 0.993

Table5.10:Traytemperaturecontrol:Steadystateholdupdistributionfor feedcompositionsÚ�Ûj� �
Vessel1 Vessel2 Vessel3 Vessel4

feed
ã ½ ã ¿ ã Á ã Ô× ¶'·�¸�¹ÙØ × ¶'·�¸.¹ÙØ × ¶'·�¸�¹?Ø × ¶'·�¸�¹ÙØÚ�Ûe� ½ 2.506 2.452 2.512 2.530Ú�Ûe� ¿ 3.053 0.788 4.159 2.000

A similar situationexist for vessel3, wheretheratherlow temperaturein columnsection3
resultsin low refluxflow á Á , suchthattheholdupin vessel3 increases.Theexcessliquid in
vessel2 and3 hasto beredistributedto vessel1 and4 which canbeseenin Figure5.14e.

Threeremarksabouttheresults:Ñ In Figures5.13(e) and5.14(e) it is observed that the controlledtemperaturesreach
their setpointä�� ä ° as ��� � , eventhoughonly proportionalcontrollersareused.
This is possiblesincewe know thesteadystatevaporandliquid flow exactly, thuswe
cansetthecontrollerbiassuchthat á ´�Ü��H´

. With theappliedcontrolalgorithm(see
Eq. 5.5) we have á � Ü ²M³���� ä ° � ��� ä � ¡g¢ á � � � with ä ° � ��� ä � Î Ã for ��� � andá ´�Ü�� � 7.

Providing that thesteadystateflows areunknown, alternatively on a pilot plantwere
volumetricor massflowsareusedfor controlpurposes( áBÕÜ��

) aPI-controllerwill be
necessary, this will beshown in section5.4aswell asin theexperimentalverification
presentedin chapter4.Ñ With temperaturecontrolweachievethesamesteadystatecompositionsin thevessels
independentof theinitial feedcomposition(only vesselholdupsdiffer atsteadystate).
Thereasonis thatthecolumnhasonly threedegreesof freedomat steadystateandif
wefix threetemperaturesat threelocationsin thecolumn,thenthetemperatureprofile
overthecolumnattotalrefluxis determined(if weassumethatwedonothavemultiple
steadystates).Multiple solutionsarenot likely whentemperaturesarespecified,but
maybeencounteredif wespecifythecompositionof agivencomponent.

7This is a correctionof thestatementmadein chapter3
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Ñ Inspectingthe temperaturetrajectorieson tray 17, shown in Figures5.13 (e) and
5.14 (e), a slight inverseresponseis observed. This inverseresponsei dependent
on the ratio of the lighter to heavier than the componentwhich is purified in this
section. In section2, the steadystatetray compositionis supposedto be à ½! Î× Ã�Ä�Ã'â(Ã�Ä�Å'â(Ã�Ä�Å'â(Ã�Ä,Ã Ø . The initial tray compositionsare Ú�Û ½ Ü × Ã�Ä�Ç�Å'â#Ã�Ä�Ç!Å'â(Ã�Ä�Ç�Å'â(Ã'Ä�Ç�Å Ø andÚ�Û ¿ Ü × Ã�Ä Ý Ã�â(Ã'Ä	�&Ã'â(Ã�Ä Í Ã�â(Ã�Ä�Ç!Ã Ø . Consideringthe choseninitial liquid distribution, for
feedmixture Ú�Ûe� ½ approximately1.25 kmol of component3 have to be moved from
vessels1 and2 to vessel3. For feedmixture Ú�Ûj� ¿ this amountis in the order of 2
kmol, approximately60 % higher. Sincethetransportof componentis performedin a
similar timespan,theinverseresponsein ä ½! for Ú�Û ¿ is morepronouncedthanfor Ú�Û ½ .
Consideringa feedmixturewerethe initial concentrationsof component2 and3 are
exchanged,thetrajectoryof ä ½! will be themirror imageastheoneshown in Figure
5.14(e).

In Figure 5.15 the compositionprofile over the column for feed composition Ú�Ûe� ¿ are
shown for times � Ü × Ã�â(Ã�Ä�Å'â"��Ä�Å'â Ý Ä�Å ØÙ» . The compositionprofilespresentedin Figure5.3
(constantholduppolicy with designfeed Ú�Ûj� ½ ) arecloseto thosepresentedin Figure5.15for
feedcompositionÚ�Ûe� ¿ with tray temperaturecontrol.
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Figure5.15: Tray temperaturecontrol, feedmixture Ú�Û ¿ : Compositionprofile over column
at � Ü × Ã�â(Ã�Ä�Å'â"��Ä�Å'â Ý Ä�Å ØÙ»

Figure5.16showsthetemperatureprofileoverthecolumnfor times� Ü × Ã�â(Ã'Ä�Å'â#��Ä�Åkâ Ý Ä�Å Ø?» .
The $ -shapeof thetemperatureprofile in eachsection,with a rathersteeptemperaturegra-
dientat thecenterof thecolumnsections,confirmthata sensorpositionedin thecenterof
eachcolumnsectionenablesensitive control of the vesselcomposition. The composition
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in the vesselcanbe adjustedby keepingthe sensorlocationandchangingthe temperature
setpoint,whichwill movetheprofileaccordingly.
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Figure5.16: Tray temperaturecontrol, feedmixture Ú�Û ¿ : Temperatureprofile over column
at � Ü × Ã�â(Ã�Ä�Å'â"��Ä�Å'â Ý Ä�Å ØÙ»
5.4 Alter nativeStart-up Procedure

We have alsoperformedsomesimulationsto studythestart-upfor thecasewhentheentire
feedmixtureis chargedto thereboiler(andnotdistributedto thevesselsasusedin theprevi-
oussections).Investigationson thestart-upof conventionalbatchdistillation columnswere
presentedby SørensenandSkogestad(1994).They foundthatdifferentstart-upprocedures
for a batchdistillation columnareonly of limited influenceon thetotal batchtime. Further,
thenon-uniquerelationbetweencompositionandtemperatureof asmulti-componentmix-
turemight rise to operationalproblems.Especiallyduringstart-upof theunit, temperature
in the columnsectionsis subjectedto considerablechanges,suchthat somecarehasto be
takento avoid excessivecontrolaction.

The initial conditionsfor the start-upinvestigations,aresummarizedin Table5.11,all
remainingspecificationsareshown in Table5.1.

Thestart-upof themultivesselbatchdistillation columnwasperformedasfollows. The
reboilerwasfilled with aninitial feedchargeof

ã&%�Ü �('*),+.-0/ with a compositionof 1"243
(seeEq. 5.3). Theaccumulator576 , the intermediatevesselsandall trayswerefilled with
5 ��89';:<'=�>),+.-0/ with ainitial compositionof ? �A@U�AB (seeTable5.11).Thevaporflow leaving
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thereboilerwassetto aconstantvalueof C 8 D('�);+.-0/FEHG overthewholesimulationtime8.

Table5.11:Traytemperaturecontrolwith alternativestart-up:Summaryof initial conditions
for thestart-upof multivesselbatchdistillationcolumnunderPI-control( I 8�'*G )

Reboilerholdup 5KJ 8 D('*);+.-L/
Reboilerfeedcomposition 1"243 8 MN'=:PO=QR'=:�DHQR';:PSTQ�'=:AUWV
Vesselholdup 576YX Z 8 '=:<';D[);+.-L/
Trayholdup 5 B.8 5 B � �]\^B_8 '=:POHO�);+.-0/
Initial composition ? �A@	�AB`8 MN'=:PaH'=QR'=:P'bSTQ�'=:<'0STQR'=:P'cULV

Start-upfrom “empty” vesselsis performedwith PI-controllerswith thetuningparame-
tersandsetpointspresentedin Table5.12,thelocationof thetemperaturesensorsis identical
to theonegivenin Table5.8.Theratherlong resettime d#e of theintegralactionis chosento
achievea smoothstart-upandavoid extensivecontrolaction(e.g. saturationof manipulated
variableor drainingof thevessels).Thecontrolactionof thePI-controllersis limited to be
in the interval of U�),+.-0/FEHGgf hji��A@kf Ub'l),+.-0/FEHG . The lower limit on thereflux flow is
chosento preventdrainingof thereboiler.

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

temperature setpoint gain resettime bias location
controller monx� � prq * dse hut sensorvRw vRw EH);+.-L/ DWEbG );+.-L/!EbG *

m w 6 71.5 -0.25 1 10 6
m w 3 87.75 -0.25 1 10 17
m w Z 107.2 -0.25 1 10 28

* countedfromtop to bottom

The resultsindicatethat the temperaturecontrollerscanbe activatedimmediatelyafter
start-upor possiblyafterashortperiodwith total reflux. Thevesselsarethenslowly filled up
by actionof thetemperaturecontrollerswhich reducethereflux flows for a transientperiod.
Nevertheless,thesimulationsindicatethatoneshouldexercisesomecareto avoid emptying
thereboiler(seeFigure5.17c).

In Figure5.17wepresentthecompositionprofilesin thevessels(a),mainimpurities(b),
holdupresponse(c), thereflux flow (d) andthecontrolledtray temperatures(e) understart-
up. ThePI-controllersareactivatedatstartup,with aninitial refluxflow of hÏ�o8xD('[);+.-L/FEHG ,

8Note,asin thepreviouspresentedsimulations,seeSection5.3.3,weneglectanextensivetotalrefluxperiod
duringstart-upandassumethatwe startfrom a columnfilled with boiling liquid of someinitial compositionybzP{|zP} ). Startingfrom a“cold” columnwouldrequiretimeto heatupthefeedmixtureplusacertaintimeof total
reflux operationto establishholdupin intermediatevesselsandon all trays.This time will beidenticalfor all
simulationsregardlessof thechosenstart-upprocedure.For simplicity we haveneglectedthis periodof time.
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the controlleractionadjustthe reflux flow immediatelyafter start-upandthe intermediate
vesselsarefilled slowly. Thetuningof thePI-controllers(especiallyintegral time) is chosen
suchthat overshootin the controlledcolumn temperature( m � in Figure 5.17 e) is small,
suchthat only minor amountof heavier component,with respectto the main-component
in a given section,arecarriedupwards. In Figure5.18 the compositionprofilesover the
column are shown for I 8 MN'=QR'=:<~;Q"DHQ�SbV�G , the specifiedproductcompositionare achieved
afterapproximately4 hours,steadystateis achievedat approximately10hours.

Temperatureprofilesover the multivesselbatchdistillation columnwith the alternative
start-upprocedurearepresentedin Figure5.19.

Thetwo controlschemesweretemperatureis usedascontrollerinput signalaresignifi-
cantlydifferentwith respectto thestart-upprocedureandcontrollertypes,furtherdifferent
methodsof initializationareapplied.

� Proportional-onlycontrollersaresufficientfor thecasewhereliquid 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.Becauseof thechoseninitial composition,ratherextensive
deviationsbetweencomputedtemperatureandthesetpointin thesectionis observed
for temperaturesm�� and m�3Y� . The intermediatevesselsbuild a buffer betweenliquid
enteringfrom a sectionandreflux leaving thevessels(Figures5.14and5.17)where
refluxflow h 6���C for I f�D�G ). Clearly, if suchanextensivecontrolactioncausedby
a proportional-onlycontrolleroccursduring start-upfrom emptyvessels,vessel576
will bedrainedandlossof themanipulatedvariableswouldbetheresult.
During start-upfrom an emptycolumn,primarily light componentis presentin the
column(seeFigure5.18).Choosinga proportional-onlycontrollerwill reducethere-
flux flow to hÏ��8�'=:P'�),+.-0/FEHG dueto thedeviationof setpointandcolumntemperature
(seeFigure5.17e). Thus,no liquid would reachthelower intermediatevessels,espe-
cially drainingof thereboilerwill bedetrimentalto theseparation.Proportionalonly
controllersareinsufficient in respectto ensureacertainminimumliquid holdupin the
vessels,furthervery low gainsduringstart-upwill resultin extensivebatchtimes.

� A proportional-integralcontrollergivetheopportunityto “adjust” thecontrolleroutput
changeswithout introducinghardboundson thecontrolaction(minimum/maximum
range)andprovide a smoothtransitionfrom operationwhere h��8 C towardstotal
reflux operation,providedtheintegral time is chosenlongenough.Thecontrolaction
of thePI-controllerwith long integral timehasapproximatelythesamecontrolperfor-
mance,with an in-build (slow) biasadjustment.Thus,the requirementmadeearlier
thatthesteadystatevaporandliquid flowshaveto beknown(identicalfor molarflows)
canberelaxed.Further, a robustoperationis possible.
indentA slow integralactionis chosensincewecontroltheproductcompositionin the
vesselby meansof asecondarymeasurementsomedistanceaway. Thecontrol is per-
formedby moving theentirecompositionprofile over thecolumn,suchthatproducts
with thedesiredcompositioncanaccumulatein thevessel(compareFigures5.15and
5.18).A trade-off in thecontrollergainshasto beconsideredinvolving totalbatchtime
andthereductionin probabilitythattheintermediatevesselsor reboileraredrained.
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5.5 Discussion

Simulationshaveshown thattheinitially by Hasebeetal.(1992)proposedprocedureof con-
stantvesselholdupperformspoorly if feeddisturbancesareencountered.Thesystempro-
posedby Hasebewith compositionmeasurementandadjustmentof the holdupto specify
the existing threedegreesof freedomis difficult to implement.Dif ferentfeedbackcontrol
strategieswereinvestigatedwith controlsignalsfrom primary(it e.g. gaschromatography)
andsecondarymeasurements(e.g. temperature).Primarymeasurementsareavailableat a
ratherlow frequency, e.g. gaschromatographswidely usedin industrieshave a time delay
in theorderof � 8��=:AU�G for ananalysisof onesampleof theheredescribedtype. Further,
theseinstrumentsrequirea considerableamountof maintenanceandareratherexpensive to
operate.

The implementationof control strategies basedon direct compositionas describedin
section5.3.1and5.3.2 is not straightforward. Especially, the control schemepresentedin
section5.3.1is infeasible.Thecompositionmeasurementis takenin thevessel,depending
on theimpurity measuredthesignof thecontrollergainhasto changeduringthecourseof
operation. Applying single loop controllerswherea frequentswitching in the sign of the
controllergain is requiredis infeasibleat thebesttime consumingandrequireexperienced
operators.

Theproblemof sign-changeof thecontrollergainsis solvedby moving the locationof
thecompositionsensorfrom thevesselto atray in thecolumn(seeFigure5.8).Thelocation
of thecontroltraywaschosenfrom thecompositionprofileover thecolumn.At steadystate
primarily two componentsarepresent,suchthat a uniquerelationbetweencontrollergain
anddeviation from setpointexists. Nevertheless,evenif theschemeis feasible,thewindow
whenproductcompositionsareinitially satisfiedis rathersmall,carefuloperationandexact
compositionmeasurementarenecessaryto avoid extensiveenergy consumption.

Insteadof using tray compositionascontrol signalandvesselcompositionas criteria
for shutdown, temperaturemeasurementsare implementedalong the column andapplied
to control the productcompositions.The reflux flow is controlledby simpleproportional
controllerssuchthat thedesiredproductsareaccumulatedin thevessels.By meansof sim-
ulationsit is shown that a level control for the intermediatevesselsis not necessary, these
levelsarecontrolledimplicit by thereflux to thesectionbelow thevessel.

Comparisonof thestrategieswerethesensorfor thecontrolsignal(eithercompositionor
temperature)is locatedin thecenterof thecolumnshows thata similar holdupdistribution
whenall productcompositionsaresatisfiedis achieved(seeTable5.7: holdupandcompo-
sition tray compositioncontrol; Tables5.9: compositionsandTable5.10: holdupsfor tray
temperaturecontrol). Froma practicalpoint of view, thetemperaturecontrolschemeis far
moresimpleto implementandto operate.

The initial start-upprocedure,werethe liquid wasdistributedover thecolumn,wasin-
spiredby the introductoryexample. This procedureis 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 inverseresponsesof the controlledvariables(temperatures)sincethe
temperatureson thestagesdecreasemonotonicallytowardsthetop duringstart-up.Further,
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the simulationhave shown that thereareno significantdifferencesin operationtime, thus,
the latter procedureis assumedto be the most favorablefrom a view point of a practical
implementation.

5.6 Conclusions

Four different feedbackcontrol strategiesfor the multivesselbatchdistillation columnare
proposedandcomparedto eachother. Temperaturecontrolwith a control tray at thecenter
of eachsectionwerefound to be the mostflexible (with respectto feedcomposition)and
simpleto implementcontrol structure.Two differentstart-upprocedureswereinvestigated
for the multivesselbatchdistillaiton column,both canbe performedwith the temperature
controlscheme.Thecompositionmeasurementbasedstructuresrequirethatthemultivessel
batchdistillationcolumnis startedwith aprocedurewhereliquid is first distributedover the
column,whichwill complicatethepracticaloperationof acolumnconsiderable.
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Chapter 6

Comparisonof Multi vesseland
Conventional Batch Distillation

Extendedversionof thefollowing papers:

Wittgens,B. andSkogestad,S.;
PotentialEnergy savingsof MultivesselBatchdistillation,

presentedat AIChe Annualmeeting1997,paper34d

and

Wittgens,B. andSkogestad,S.;
MultivesselBatchDistillation - PotentialEnergy Savings,

DYCOPS-5,5th IFAC Symposiumon DynamicsandControl of ProcessSystems,
Corfu,Greece,June8-10,1998

Abstract

A multivesselbatchdistillation columnis comparedto a conventional
batchdistillation column,both columnsareoperatedwith a feedback
controlscheme.Thecomparisonis performedin form of a casestudy,
werein somecaseswe found thatan increasein productionrateup to
50% is possibleby usingmultivesselbatchdistillation insteadof acon-
ventionalbatchdistillationcolumnwith similarcolumnlength.Besides
theconsiderablereductionin energy usage,themainadvantagewith the
multivesselbatchdistillation columnis probablyits muchsimplerop-
erationcomparedto a conventionalbatchdistillation column. Further,
resultson themaximumachievableseparationandthe influenceof the
chosensetpointon thefinal batchtimearepresented.



114 6. Comparisonof Multi vesseland Conventional Batch Distillation

6.1 Intr oduction

In chemicalprocessingindustries,separationof multi-componentliquid mixturesinto pure
productsis ataskprimarily performedby distillation. Dependentontheamountof feedstock
to beprocessed,thechoicehastraditionallybeeneithercontinuousor batchdistillation. A
new typeof batchdistillation columnandoperationstrategy for separationof multicompo-
nentmixtureswasproposedby Hasebeet al. (1995)andhasbeenfurther studiedby the
authors(Skogestadetal. 1997andWittgensetal. 1996),wereferto thesepapersfor amore
detailedreview. Theprimary featureof themultivesselbatchdistillation columnis that the
energy requiredto separatethemixtureis considerablylessthanin conventionalbatchdistil-
lation dueto heatintegrationof severalcolumnsections.Hasebeet al. (1995)indicatesthat
the energy efficiency of a multivesselbatchdistillation couldbe comparableto continuous
distillation.

Althoughbatchdistillation generallyis lessenergy efficient thancontinuousdistillation,
it hasreceivedincreasedattentionin thelastfew yearsbecauseof its simplicity of operation,
flexibility andlowercapitalcost.For many yearsacademicresearchonbatchdistillationwas
focusedprimarily on optimizingthereflux policy. However, in mostcasesthedifferenceto
the simple-mindedconstantreflux policy usually is small (e.g. Sørensenand Skogestad,
1994).

On a qualitative basiswe compareconventionalbatchdistillation columns(seeFigure
6.1)with themultivesselbatchdistillation (seeFigure6.2)with respectto easeof operation
andproductivity (energy efficiency). Initial resultson theeconomicalpotentialof thenew
processarepresented,themaximumattainableseparationof themultivesselbatchdistillation
column is investigatedand the influenceof the setpointof the temperaturecontrollersis
presented.Finally thepresentedresultsarediscussedandconclusionsarepresented.

6.2 Column configurations

6.2.1 Conventional batch distillation

The optimizationof a conventionalbatchcolumn(Figure6.1) leadsto an optimal control
problem,for which problemformulationandnumericalsolutionmethodsarenot yet well
established(MachiettoandMujtaba,1992). Resultsfrom optimizationstudieshave shown
an increasedperformanceof the columnusing an optimal reflux policy, comparedto the
conventionalconstantreflux policy or constantdistillatecompositionpoliciestime anden-
ergy savings in theorderof 20 % dependenton themixturesseparatedhave beenreported
(Sørensen,1994). Nevertheless,the implementationof an optimal reflux policy is not yet
widely usedin industries,while piecewiseconstantreflux policiesareapplied(Diwekar et
al., 1987). Industrialbatchcolumnsareoperatedoften with a rathersimple reflux policy
e.g. thenumberof off-cutsarepredefinedandthereflux ratio is constantduringoperation.
However, at leastfor multicomponentmixtures,thispolicy is difficult to implement,andone
mustoftentake off a largenumberof products,which arelater, aftercompositionanalysis,
blendedto give the appropriateproducts.Also, it is not optimal to keepa constantreflux
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ratio (e.g. high reflux ratio to fulfill theproductspecifications),sotheproductiontime may
bemuchlongerthanis needed.

Anotheroperationpolicy, which usually
is better in terms of energy consumption
(productiontime) is to usea feedbackcon-
trol scheme,which keepsthe productcom-
positionat a desiredvalue. In practice,com-
position may be difficult (time consuming)
and expensive to measure,so we will here
insteadkeepthe temperatureat a given po-
sition of thecolumnconstant,thusindirectly
controlthetopproductcomposition(seeFig-
ure6.1).Change-overbetweenproductsmay
take placewhenthe reflux flow h increases
above a predefinedlimit. At this time one
normally needsto producean off-cut frac-
tion andonemay, for example,whenthenext
temperaturesetpointis reachedswitchto the
secondproduct.Thisprocedureis performed
until \^q±°�D productfractionsarewithdrawn
over top, finally, the last product is with-
drawn from thereboiler.
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Figure 6.1: Conventionalbatchdistillation,
onecomponentat a timeover top

6.2.2 Multi vesselbatch distillation

For theseparationof amixturecontaining\^q -components,themultivesselbatchdistillation
columnconsistsof \�q>°xD columnsections,reboiler, condenser/accumulatorand \�q>°�U -
intermediatevessels. The simpleststrategy for operatingthe multi-vesselcolumn, is the
total refluxoperationsuggestedby Hasebeetal. (1995)wherethe \�q productratesaresetto
zero(

� �±²x� ). Thereareat leasttwo advantageswith this multivesselcolumncomparedto
conventionalbatchdistillationwheretheproductsaredrawn overthetop,oneatatime. First,
theoperationis simplersinceno productchange-oversarerequiredduringoperation.Sec-
ond,theenergy requirementmaybemuchlessdueto themulti-effectnatureof theoperation.
For the total reflux operationof themultivesselcolumn,a feedbackcontrolstructurebased
on temperaturecontrollers(seeFigure6.2) hasbeenproposedby Skogestadet al. (1997).
Theideais to adjusttherefluxflow outof eachof theupper\�q,°³D vesselsby controllingthe
temperatureatsomelocationin thecolumnsectionbelow. Thereis noexplicit level control,
rathertheholdup,

  � , in eachvesselis adjustedindirectlyby varyingtherefluxflow to meet
thetemperaturespecificationsandthusproductquality requirements.
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6.3 Simulation model

All theresultsin this paperarebasedon simulationsusingthedynamicmodeldescribedin
thepaperby Skogestadet al. (1997).We have madea numberof simplifying assumptions,
suchasconstantmolarflows,constantrelativevolatilities §�´ ² MµD(�=¶<U;Q�S=¶A~;QRU;¶<O;Q"D#V . Assuming
constantstageholdup,perfectlevel controlandconstantpressuresimplify thecolumnmodel
considerably. Weassumealinearboiling pointcurve,thatis thetraytemperatureis themolar
averageof the boiling temperaturesof the purecomponents( m �·² ¸º¹T»¼R½�¾ ¥ ¼�¿ m�À�� ¼ with
moÀ�� ¼ ²ÁM�ÂbS=¶AÃ;QRÃbÄ=¶PO=QRacÃ;¶<U;Q"DbDWÃ;¶<ÃLV vÅw , the numericalvaluesarechosento be closeto thoseof
thesystemmethanol,ethanol,n-propanolandn-butanol).

The linear boiling point curve assump-
tion may seemvery crude. However, we
have performedsimulationswhere temper-
aturesare computedfrom Raoults law for
ideal mixtures, Æ ¡ v ¡ ² ¸º¹ »´ ½�¾ ¥,´ ¿ Æ nFÇ

¡� � m � ,
andtheClausius-Clapeyron equationfor the
purecomponentvaporpressures,Æ n!Ç

¡´ � m � ²È#¥ Æ �®° ¨rÉËÊ ÇFÌ(� ´ E ¬ ¿ �®DWE m °ÍDWE m £ � ´ ��� , and
the results show only minor deviations1.
The dynamic model is implementedusing
the SPEEDUPsoftware package(Speedup,
1993).

6.4 Operation policies

6.4.1 Conventional batch distilla-
tion

Even thoughthe separationof multicompo-
nentmixturesby meansof batchdistillation
is investigatedfor an extensive time, we did
not find any simpleoperationproceduresin
the literature. In mostof the available liter-
atureon operationof batchdistillation, the
reflux flow is consideredasan optimization
variable,thenumberof productcutsandoff-
cuts is specifieda priori. From this, opti-
mizationproblemsconsideringtheminimum
time problem (minimum energy consump-
tion) or maximum distillate recovery opti-
mizationproblemscanbeformulated.
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1For a moredetaileddiscussionwereferto AppendixD.
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We deciseda simple operationprocedurebasedon a temperaturemeasurementsome
stagesbelow the column top. The procedure,is aimedat achieving for eachproduct,an
approximatelyconstantoverheadcomposition,somewhatbetterthanits specification.

Thefeedbackcontrolstrategy is basedon thefollowing ideas:

� A sensoris locateda few stagesbelow the columntop suchthat a break-throughof
heavier componentsinto theproductis easilyavoided.Thesetpointis setto besome-
whatabovetheboiling point of theproduct

m �Î � ´ ² m �£ � ´ÐÏ ¨ m (6.1)

where¤ is thestagelocation(countedfrom thetop)and« is theindex for themaincom-
ponent. The secondterm

¨ m in Equation6.1 accountsfor the temperatureincrease
alongthe columnconsideringthe locationof the sensorbelow the columntop. One
may view

¨ m to consistof the two terms
¨ m � ² ¨ m �q v i Ì v n � ¡ � vÒÑ Ï ¨ m �Ó v q Ç ¡ � vÒÑ , where¨ m �q v i Ì v n � ¡ � vÒÑ�Ô � m�Õ|Ö Ç

ÊÅ×£ ° m ÌRØ vÒÙÅÚ q
¡£ � ¥ ÕÛÖ Ç

ÊÅ×
takesinto accountthatwe allow for some

heavy componentin theproduct.Thesecondterm
¨ m �Ó v q Ç ¡ � v!Ñ takesinto accountthatthe

temperatureincreasesdown the column.
¨ m �q v i Ì v n � ¡ � vÒÑ canbecomputedbeforehand,¨ m �Ó v q Ç ¡ � vÒÑ mustbedeterminedfrom eithersimulationor experiment.

� The change-over temperaturem vÝÜÛÜ � ´ for the collection of off-cut product « is deter-
minedfrom theboiling pointof thenext productfraction(product« Ï D ). Wedefine:

m �vYÜ|Ü � ´ ² m Î � ´�Þ ¾ Ï ¨ m vYÜ|Ü (6.2)

where
¨ m vÝÜÛÜ ensuresthat mostof the componentlighter thankey componentin the

next productis removedfrom thecolumn.

Operationof a conventionalbatchcolumnwith theabove describedpolicy to determine
temperaturesetpointsaswell aschange-over temperaturesis asfollows:

1. Start-upfrom total refluxoperation(not includedin thesimulation).

2. After establishinga compositionprofile, the temperaturecontroller m w (seeFigure
6.1) is activatedandadjustthereflux h to keepthetemperatureon thecontrol tray m �
at its setpointm �Î � ¾ . If the reflux h reachesits maximum h � hji ÇÅß , thecollectionof
product1 is finished.

3. During thenext cycle,anoff-cut fractionis withdrawn from thecolumn.Thecolumn
is operatedoff-line (feedbackcontrol deactivated)with a constantlow reflux, h vYÜ|Ü ,
until thechange-over temperaturem �vYÜ|Ü � ¾ (seeEq. 6.2) is reached.

4. Withdrawl of product2 is performed,by activating the temperaturecontrollerwhich
hold thetemperatureon thecontrol tray at its givensetpointm �Î � � (seeEq. 6.1). Note
that thechange-over from off-cut 1 to product2 is performedat a temperaturehigher
thanthedesiredsetpointfor thewithdrawl of product2 thatis: m �vYÜ|Ü � ¾�à m �Î � . Thelatter
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is to avoid that the lower initial temperaturecausedby light componentremaining
resultsin excessiveamountof heavy component.

Again, collectionof product2 is finishedwhenthemaximumreflux is reached,h �hÐi ÇÅß .
5. Off-cut 2 is withdrawn until temperaturem �vYÜ|Ü � � is reached,againslightly above the

temperaturesetpointof thethird productfraction.

This cycling betweenproductionandoff-cut withdrawl is performeduntil all products
areproduced.After the batchis finished,onemay, basedon compositionanalysisof the
productsandoff-cut fractions,blendoff-cuts into the products(especiallyif the off-cut is
large) so that they exactly meettheir specificationsand to maximizethe productionrate.
Thiswasnotdonewhencomputingtheproductionrategivenin Table6.3.

6.4.2 Multi vesselbatch distillation

The operationof the multivesselbatchcolumn (seeFigure 6.2) is describedin detail by
Skogestadet al. (1997).We assumethefeedchargeequallydistributedover all vesselsand
the initial compositionson traysandvesselsto be ¥ �á² ¥ � at the startof the simulations.
ThethreePI-temperaturecontrollersareactivatedimmediatelyafterstart-up(e.g. totalreflux
operation),and the column is operatedin this manneruntil the last of the four products
reachesits specification.In practice,thecolumnis operatedunderfeedbackcontroluntil the
changesin reflux flowsandtemperaturearesmallfor aprespecifiedtime.

6.4.3 Operation conditions

A summaryof the operationalconditionsaregiven in Table6.1, in Table6.2 the column
design2 andthecontrollersetpointsandchangeover temperaturesarepresented.

Theinitial feedcompositionin thecolumnswerechosento

�"� ²�MN�=¶AUb~;QR�=¶<UH~;QR�;¶AUH~,QR�=¶<UH~LV (6.3)

Theproductspecificationsaregivenaslowerboundsonthepurity of themaincomponentin
all four products

¥ n�Ì Ö q±²�MN�=¶<abÄ=QR�=¶Pac~;QR�;¶<ac~,QR�=¶Pac~;QR�=¶PaHÄ0V (6.4)

Thecolumnsoperatewith aconstantvaporflow of C ²xD(� �,�.�0� EHG andaninitial feedcharge
which addsup to

ª ²âD"� �;�.�L� (thetotal holdup
 K¡ v ¡ of thecolumnconsistsof thevessel

holdupsandthetray holdup)with aninitial feedcomposition�"� (seeEq. 6.3).

2For a moredetaileddiscussion,seetheappendixof thischapterandAppendixD.
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Table6.1: Summaryof theinitial conditionsfor multivesselandconventionalbatchdistilla-
tion column

Multivessel Conventional
Numberof components \�qã² S
Relativevolatility §ä´ ² M�D(�;¶AU;Q�ST¶A~,Q|U;¶PO=Q"D#V
Vesselholdups

  � � å ² U,¶A~ �;�.�0�   Ù ²��=¶P� �;�.�L�  ��²��=¶P� �;�.�L�  vÝÜÛÜ � �o²��=¶P� �;�.�L�
Trayholdups(constant)

  ¼ ² �=¶<�;D �;�.�L�
Total initial charge

 æ¡ v ¡ ² D(� Ï \ ¡ v ¡!  ¼
Initial refluxflows hÏ� � å ² D(� �;�.�L� EbG
Vaporflow (constant) C ² D"� �;�.�L� EbG

Table6.2: Controllersetpointsm �Î � ´ andchangeover temperaturesm �vYÜ|Ü � ´ for fixedvaporflow
C ²çD(� �,�.�0� EHG

column section sensor prod. off-cut prod. off-cut prod. off-cut
type length location

  ¾ 1
  � 2

  Z 3\*è ¤ m �Î � ¾ m �vYÜ|Ü � ¾ m �Î � � m �vÝÜÛÜ � � m �Î � Z m �vYÜ|Ü � Z
convent- 15 3 67 82 80.5 100.5 99 113

ional 33 6 69 83.5 82 102.5 101 113

multi- 11 6
vessel 15 8 71.5 87.75 107.2

19 10

Thelocationof thetemperaturesensorappliedfor feedbackcontrolof theconventional
batchcolumn is chosento be at a distanceof �=¶<Ué\�è from the columntop, the sensoris
locatedon tray 3 for the columnwith 15 stagesand6 for 33 stages.For the conventional
columnequippedwith 15 trayswe choosë m Ô U v w , in thecaseof 33 trays

¨ m Ô S v w ,
to accountfor sensorlocationandamountof heavy componentin the product. The tem-
peratureoffset to remove light componentduring off-cut productionis for both columns
chosento be

¨ m vYÜ|Ü Ô Db¶A~ v w . The boiling points of the productsare computedto be
m £ � ´ ²êM�Â0ST¶<aHÃ;Q|ÃbÄ=¶�ScO=Q�acÃ;¶<UbO=Q"DHD(Ã;¶AU0a0V , thesetemperaturesareusedto computecontrollerset-
points m �Î � ´ andchangeover temperaturesm ´vYÜ|Ü shown in Table6.2. A PI-controllerwith gainpëqr²9°ì�=¶A~ �;�.�L� E v w and integral action dse ²í�;¶<�c~ëG is chosen.The reflux flow during
productionphaseis Ufxhºfxa=¶PÄ �,�.�0� EHG while duringoff-cut withdrawl thereflux flow is
constantat h vYÜ|Ü ²�~ �;�.�0� EHG .

Thesensorfor themultivesselbatchdistillationcolumnarelocatedin themiddleof each
section. Controller setpointsare determinedfrom m Î � ´� ² � moÀ�� ¼ Ï m�À�� ¼ Þ ¾ � EHU , with moÀ�� ¼
as the boiling point of purecomponent� . The controller parameterarechosento pëq_²
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°��;¶AUH~ �,�.�0� E v w and d#e ² D(G . The reflux flow is controlledwithin the interval ~æfîh�f
DW~ �;�.�L� EHG .

6.5 Results

In thepresentedwork aconventionalbatchdistillationwith theproposedfeedbackoperation
policy andamultivesselbatchdistillationarecomparedwith respectto energy consumption.
Wecomparetheenergyusagein thesenseof thenetproductionratedefinedas � ª °   vYÜ|Ü � E I £
for a given, fixed boilup C ² D(� �,�.�0� EHG ª ² D(� �;�.�L� as initial feed charge with a
compositionof �"� ²�M��;¶AUH~,QR�=¶<UH~;QR�=¶<UH~;Q��=¶AUb~LV ,   vÝÜÛÜ assumof off-cut and(if present)non-
specproductsand I £ as the batchtime, which was requiredto achieve all of the product
specifications(seeEq. 6.4). Further, we require that the impurities of the intermediate
products\^q aredistributedsuchthattheir ratio is ¥ ¹T»®ï ¾ E ¥ ¹T» Þ ¾ Ô D .

Note,thebatchtimedoesnot includecharging of thecolumn,preheating,start-upunder
total reflux and shutdown. Further, we assumethat the compositionmeasurementin the
vesselsis instantaneousfor thepresentedsimulations3.

Theresultsaresummarizedin Table6.3andin Figures6.3and6.4we presentthecom-
positionprofiles,controlledtemperaturesin thecolumnsections,reflux flow aswell asthe
holdupin theproducttanksfor theconsideredoperationpolicies.

6.5.1 Conventional batch distillation: Production rate

For theconventionalbatchdistillation we notethat thenetproductionrateis not increased,
whenthe numberof stagesis increasedfrom 15 to 33. Of course,it shouldbe possibleto
increasetheproductionrateby addingstages,sotheresultillustratethedifficulty in operating
conventionalbatchdistillation, especiallyfor multicomponentmixtureswith off-cut. The
increasein column length of the conventionalbatchcolumn hasopposingeffects on the
productivity. Theproductpuritiesareincreasingfurtherabove specificationandbatchtime
decreases,simultaneouslytheamountof off-cut

� vYÜ|Ü increases.Thelattereffectcancelsthe
effect of batchtime reduction,suchthat theproductionrateis unchanged,eventhoughthe
columnlengthincreases.

Note that we have not blendedthe off-cut into the product. If we blendthe combined
off-cut product(all off-cut fractionsareaccumulatedin onetank) into the four productsto
exactly meetthe specifications,the net productionrate of the conventionalbatchcolumn
would increaseby lessthan10%.

6.5.2 Multi vesselbatch distillation: Production rate

For themultivesselbatchdistillationcolumntheproductionof off-cut is negligible (actually,
the remaininghold-upin the columnsectionscould be seenasoff-cut). The separationof
thefeedmixtureis performedwith considerablelesstimeandthusenergy consumption(see

3A gaschromatographwill have a time delayon the compositionmeasurementof approximately10 - 20
minutes,thisdelaywill beequalfor thepresentedsimulationsandis thereforeomitted.
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Table6.3). Increasingthelengthof thecolumnsectionsgive someimprovementin product
quality, but since,at leastone,of thecomponentsis at thespecification,batchtimedecreases
considerably.

0.3

0.6

0.9

Product composition profile, x
main

 

x
1
 

x
2

x
3
 

x
4

60 

80 

100

Temperature profile on tray 3 [ oC] 

T
S,1
3

T
S,2
3 T

S,3
3T

off,1
3

T
off,1
3

4 

6 

8 

10

Reflux flow [kmol/h]

offcut

0 1 2 3 4
0 

5 

10
Holdup product tank [kmol]

time [h]

M
1
 

M
2

M
3
 

M
off

M
4

Figure6.3: Productcompositionprofile, controlledtemperature,reflux flow andholdupsof
productsfor conventionalbatchdistillation ( \*è²çDW~ )

For columnsof identical length( ¸ \*èð²ñOHO ), the givenseparationconsumesapprox-
imately30 % lessenergy in themultivesselcolumncomparedto theconventionalcolumn.
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Further, sincenooff-cut is produced,anincreaseof productionratein theorderof 40% was
found. Increasingthelengthof thecolumnsectionsof themultivesselcolumnfrom 11 to 19
trayseach,theproductionrateincreasesby approximately40%.
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of productsfor multivesselbatchdistillation ( ò*óô�õröø÷b÷ )
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Table6.3: Productcompositionandamount,batchtime andproductionrateof batchdistil-
lationprocesses(fixedvaporflow ùxôx÷(ú�û;ü.ý0þFÿ�� )

ò�ó product � £ net
production��� ��� ��� �
	 ������ � ��� � û;ü.ýLþ!ÿ����

convent- M
� û;ü.ý0þ�� 2.54 2.26 2.13 2.43 0.64

ional
÷�� ���������

0.987 0.956 0.965 0.985
4.31 2.17

batch M
� û;ü.ý0þ�� 2.68 1.99 1.89 2.28 1.15õHõ ���������

0.988 0.988 0.973 0.986
4.01 2.17

multi- M
� û;ü.ý0þ�� 2.50 2.44 2.54 2.52 0.0õ�ö&÷H÷ ���������

0.993 0.963 0.950 0.993
3.38 2.96

vessel M
� û;ü.ý0þ�� 2.51 2.44 2.56 2.49 0.0õ�ö&÷�� ���������

0.999 0.973 0.950 0.999
2.48 4.03

M
� û;ü.ý0þ�� 2.52 2.45 2.55 2.49 0.0

batch
õ�ö&÷! ���������

0.999 0.973 0.950 0.999
2.33 4.29

6.5.3 Multi vesselbatch distillation: Achievable separation

The performanceof the proposedcontrol systemwill be investigatedwith respectto the
influenceof thenumberof stageson thefinal batchtime andtheachievableseparation.We
chosea columnconfigurationwith threeidenticalsections,the initial conditionsgiven in
Table6.1andfeedcomposition"$# asstatedin Eq. 6.3.Theseparationis performedutilizing
the feedbackcontrol structurepresentedin section3 to ensurecomparableperformanceof
the columns. The simulationis terminatedwheneitherthe productspecifications(seeEq.
6.4)in all vesselsarefulfilled or thederivativeof all compositionsis lessthan % � ÿ�%��Ðôç÷(ú'&'( ,
which is definedassteadystatecondition.

In Table6.4 we presentthemaximalachievableproductcompositionat steadystatefor
a columnwith 7 to 25 stagespersection.For columnsconsistingof threeidenticalsections
of ò*)�+ ÷b÷ , thedesiredproductcompositionsarenotachievedatsteadystate.By increasing
thenumberof stagespersectiontheachievableproductquality improves.

Table6.4: Steadystateproductcompositionasa functionof numberof stagespersection

ò,) � � � � � � � 	
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 Table6.5wepresentthesteadystateconcentrationof themaincomponentin theves-
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sels.Increasingthenumberof stagesfrom 11to 15,reducesthebatchtimeby approximately
25 %. A further extensionof the columnsections(from 15 to 19 or 25 trays)reducesthe
distillation time � � only marginally.

From Table 6.5 we seethat purification of the holdup in vessel3 determinesthe fi-
nal batch time (stop criteria is fulfilled). This is due to the chosenrelative volatilities- � ô � ÷(ú�.0/2143�.0�21�/2.Põ�1"÷5� , the ratios of - � ÿ - � + - � ÿ - � + - � ÿ - 	 suchthat the separation
of component2 and3 is moredifficult thanthesplit of components1 and2 or components
3 and4. To overcomethis problemadditionalstagesshouldbe placedin the centersec-
tion (section2), alternatively we canadjustboththecontroltray locationor thetemperature
setpoint.

Table6.5: Final batchtimeasa functionof numberof stagesandtheproductcompositions

ò,) � � � � � � � 	 � �'� ���
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 vesselbatch distillation: Influence of the controller setpoint

The designof a multivesselbatchdistillation columnis, steadystateproductcomposition
considered,closelyrelatedto thedesignof abinarydistillationcolumn.Theproposedpolicy
to determinethe initial setpointsof the temperaturecontroller is basedon the following
assumptions:6 eachcolumnsectionhasa sufficient numberof trays to performa given separation

problem6 thecontroltray is situatedin thecenterof thecolumn6 temperaturesetpointis setto theaverageof theboiling point of thetwo purecompo-
nentswhich will accumulatein thevesselsadjacentto asection6 non-azeotropicmixturesareseparated

As basecaseweconsiderthesamesetof temperaturesgivenin Table6.2(third line). Based
on this initial setwe vary thetemperaturesetpointsfrom a definedbasecase(Simulation1,
seeTable6.7)by 7�õ �98 andinvestigatetheinfluenceonbothseparationefficiency andbatch
time. Note,wekeepthecontroltray positionin thecenter.

It hasbeenshown that the batchtime is determinedon the separationof component2
and3 (seeTable6.5) andthat the productsin vessel1 and4 areabove their specification
(seeEq. 6.4),with a columnlengthof 11 trays. In theherepresentedcasestudythecenter
sectionhasbeenextendedfrom 11 to 15 stages,thusthe columnhasa total for 37 stages.
Thenumberof additionalstagesis chosensuchthatthesteadystatecompositions(seeTable
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6.6 for someexamples)are
�;:=< � ú�.> �?�1Rú�.> �?�1�ú�.0 �?�1Rú�.> �?@� . This will give somefreedomto

adjustthe temperaturesetpointsACB!D � , without compromisingtheproductspecifications(see
Eq. 6.4). Theremainingparametersof thecolumndesignareidenticalto thosepresentedin
Table6.1. Thecolumnis operatedwith a feedmixtureof "$# ô � ú�.0/��21�ú�.�/��21Rú�.0/��21Rú2.�/���� , the
initial feedmixtureis distributedevenlyoveraccumulator, intermediatevesselsandreboiler,
for controlpurposesPI-controllersareappliedwith setpointsgivenin Table6.7.

Table6.6: Simulations1, 2, 3 and5: Steadystatedataof multivesselbatchcolumnwith
ò,)�ô � ÷H÷�1"÷��'1"÷H÷E� trays,feedmixture "$#

Vessel1 Vessel2 Vessel3 Vessel4� � � û,ü.ý0þ�� 2.515 2.474 2.471 2.540
Sim. 1

� �
0.993 0.016 0.0 0.0� �
0.007 0.979 0.009 0.0� �
0.0 0.046 0.985 0.007�GF�ôH �.I3T÷�� � 	
0.0 0.0 0.063 0.993�KJ ÿ �KL 0.35 0.14� � � û,ü.ý0þ�� 2.515 2.474 2.441 2.570

Sim. 2
� �

0.993 0.016 0.0 0.0� �
0.007 0.979 0.009 0.0� �
0.0 0.046 0.988 0.013�GF�ôH �.I3T÷�� � 	
0.0 0.0 0.004 0.987�KJ ÿ �KL 0.35 2.25� � � û,ü.ý0þ�� 2.515 2.474 2.499 2.512

Sim. 3
� �

0.993 0.017 0.0 0.0� �
0.007 0.979 0.009 0.0� �
0.0 0.046 0.980 0.004�GF�ôH �.PõM��� � 	
0.0 0.0 0.012 0.996�KJ ÿ �KL 0.40 0.75� � � û,ü.ý0þ�� 2.515 2.505 2.439 2.540

Sim. 5
� �

0.993 0.016 0.0 0.0� �
0.007 0.975 0.005 0.0� �
0.0 0.088 0.989 0.007�GF�ôH �.I3cõM� � 	
0.0 0.0 0.064 0.993�KJ ÿ �KL 0.18 0.08

In Table6.6 thesteadystatecompositions,thetime to achieve steadystate( �GF ) andthe
impurity ratio for simulations1, 2, 3 and5 arepresented4. ComparingTable6.4 (third line)
and6.6 show that the steadystatecompositionsin the intermediatevessels(

�N�
and

���
)

arechangedby addingfour additionaltrays in the centersectionof the multivesselbatch
distillationcolumn.

4Thesesimulationsarechosenbecauseof theshortesttime to achieve thedesiredproductcompositionsin
all four vessels.
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In Table6.7 the appliedtemperaturesetpoints,the vesselcompositions,vesselholdup
andthebatchtimearepresented.Thebatchtime is definedto thetimewereall four product
compositionsaresatisfied.For simplicity, thecompositionwhich determinestheendof the
separationis markedin bold face.

Theinfluenceof thevariationof thesetpoints(seeTable6.7) is summarized:6 Variationof onesetpointat a time:
From Table6.7 we seethat variationof the temperaturesetpointof columnsection
3 ( A 8 � ) comparedto simulation1 only haslimited influenceon thebatchtime. For
simulation2 werethe temperaturesetpointin the lower sectionis reducedwhile the
setpointsof the upperandcentersectionarekept constant,a reductionof the batch
time by O 2 % is observed. In simulation3, A 8 � is increasedand the batchtime
increaseby 5 %.
KeepingthesetpointsA 8 � and A 8 � in section1 and3 constantanddecreasesetpoint
of A 8 � hasresultsin anincreaseof thebatchtime by 17 %. Increasesetpointof A 8 �
hasnoinfluenceonthebatchtime. However, theincreasein thesetpointresultsin that
thecompositionspecificationin vessel2 is achievedlastinsteadof thespecificationin
vessel3 asin Simulation2 and3.
For simulations6 and7 anincreaseby at last37 % is observed.6 Variationof two setpointssimultaneously:
For simulations6 to 15,anincreasein thefinal batchtime is observedin excessof 25
% is observed.

In Figure6.5 thetemperatureprofile over thecolumnfor �[ôP� � is presentedfor simulation
runs 1, 2, 3 and 5. Similar to binary separationsin a continuouscolumn, changingone
setpointin a multivesselbatchdistillation moves the temperatureprofile up or down the
column.

6.6 Discussion

Eventhoughenergy savings(in termsof shorterproductiontime)areachievablewheninves-
tigatingaconventionalbatchdistillationwith feedbackcontrolwehaveto considertheadded
degreeof complexity by implementingthepresentedoperationpolicy. For theexamplestud-
ied in this paper, we achievedincreasesin productioncapacityof up to 98 % or equivalent,
a reductionof energy consumptionof approximately50 % applyingmultivesselbatchdis-
tillation insteadof conventionalbatchdistillation. Althoughtheresultsfor theconventional
batchdistillation columnmaybequitefar from theoptimalreflux policy, they areprobably
betterthanthey canbeexpectedfrom industrialpractice.Notethata constantreflux policy,
commonlyusedin industry, wouldyield significantlyworseresults.

Besidestheconsiderablereductionin energy usage,themainadvantagewith themulti-
vesselbatchdistillation is probablyits muchsimpleroperationcomparedto a conventional
batchdistillation column. It maybeoperatedeasilywithout operatorintervention,whereas
conventionalbatchdistillation requiresproductandoff-cut change-oversaswell asadjust-
mentsof reflux or alternatively: temperaturesetpoints.It canbeautomated,e.g. usingthe
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procedureproposedin this paper, but still operatorswouldbeneededfor caseswheresome-
thing fails. Even thoughthe above presentedprocedurefinding temperaturesetpoints(see
Eq. 6.1) in thecolumnaswell asthechange-over temperatures(seeEq. 6.2) is a kind of in-
tuitive,dueto its simplicity, operationof multicomponentseparationmight beconsiderably
lessdemanding.
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Figure6.5: Tray temperaturecontrol: Temperatureprofileovercolumnfor simulations1, 2,
3 and5

As shown in Table6.7 an increaseof columnlengthin the centersectionreducesboth
thebatchtime,aswell asincreasestheproductcompositionin thetwo intermediatevessels.
The possibleover-purification in the centersection(steadystatecompositionsconsidered)
dueto the longercolumnsectionresultsin a morerobust separationprocesswith respect
to adjustmentof the controllersetpoint. In the worst casemalfunctionof the temperature
sensor(off-set)will have only limited effect on thebatchtime for the givensetof product
specifications,providedthenumberof stagesis sufficient.
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Table6.7: Influenceof controllersetpointson productcompositionandfinal batchtime for
productcompositions

�;QSR�TVUXW � ú2.0 � 21Rú�.> M�21Rú�.> M�21�ú�.0 � @�
Sim. Controller Product Batch

setpoint
� �Y8 � concentration timeA 8 � A 8 � A 8 � ��� ��� ��� �
	 � �Z� ������[�����

0.991 0.960 0.950 0.992
1 71.5 87.75 107.2

�KJ ÿ �KL 2.49 1.46 2.60�\� û;ü.ýLþ�� 2.49 2.47 2.54 2.51

Variation:onesetpointat a time���[�����
0.991 0.957 0.950 0.9842 104.2 � � û;ü.ý0þ�� 2.48 2.47 2.56 2.54

2.54
71.5 87.75 ���[�����

0.991 0.965 0.950 0.9953 110.2 � � û;ü.ý0þ�� 2.50 2.46 2.57 2.448
2.72���[�����

0.992 0.979 0.950 0.9924 84.75 �\� û;ü.ýLþ�� 2.52 2.39 2.57 2.53
3.14

71.5 107.2 ���[�����
0.997 0.950 0.965 0.9925 90.75 �\� û;ü.ýLþ�� 2.48 2.54 2.47 2.51

2.60���[�����
0.997 0.950 0.980 0.9936 68.5 �\� û;ü.ýLþ�� 2.42 2.56 2.48 2.54

3.58
87.75 107.2 ���[�����

0.980 0.988 0.983 0.9937 74.5 �\� û;ü.ýLþ�� 2.59 2.40 2.47 2.54
3.97

Variation:two setpointssimultaneously���[�����
0.992 0.950 0.960 0.9868 104.2 � � û;ü.ý0þ�� 2.42 2.50 2.52 2.56

3.26
84.75 ���[�����

0.996 0.950 0.950 0.9969 110.2 � � û;ü.ý0þ�� 2.42 2.49 2.59 2.50
3.26

68.5 ���[�����
0.997 0.950 0.990 0.98710 104.2 � � û;ü.ý0þ�� 2.43 2.60 2.41 2.57

3.96
90.75 ���[�����

0.997 0.950 0.983 0.99611 110.2 � � û;ü.ý0þ�� 2.42 2.59 2.47 2.51
3.96���[�����

0.980 0.991 0.974 0.98612 104.2 � � û;ü.ý0þ�� 2.59 2.36 2.49 2.57
3.84

84.75 ���[�����
0.980 0.991 0.966 0.99613 110.2 � � û;ü.ý0þ�� 2.59 2.36 2.55 2.51

3.88
74.5 ���[�����

0.980 0.984 0.9911 0.98714 104.2 � � û;ü.ý0þ�� 2.59 2.44 2.41 2.57
4.02

90.75 ���[�����
0.980 0.984 0.983 0.99615 110.2 � � û;ü.ý0þ�� 2.59 2.43 2.47 2.51

4.04
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Thedesignof themultivesselbatchdistillationcolumnis morecloselyrelatedto thede-
signof a two productcontinuousdistillationcolumnthanto thedesignof abatchdistillation
column.Slightly differentratiosof therelative volatilities have a ratherstronginfluenceon
the separation.The lengthof a columnsectionhasto be adjustedfor a given separation
problem.Fromthedesiredproductcompositionsthenumberof stagesaboveandbelow the
control tray canbe computedfrom steadystatetray-by-traycomputations.Alternatively,
assumedthat the numberof traysis larger thanrequired,the productcompositionscanbe
adjustedby variationof the temperaturesetpointwhich in turn will move the temperature
(composition)profile up or down thecolumn. Note,carehasto be takenfor theseparation
in themiddlesection,two impuritiesarepresentsuchthatmoving thetemperaturesetpoint
of anintermediatesectioninfluencethesteadystatecompositionof boththeadjacentvessels
asshown in Table6.6.

6.7 Conclusions

Conventionalandmultivesselbatchdistillationcolumnswerecomparedin acasestudywith
respectto the net production,a reductionof energy consumptionof approximately50 %
werefound.Themainadvantagewith themultivesselbatchdistillation is probablyits much
simpleroperationcomparedto aconventionalbatchdistillationcolumn.Thesimpleminded
procedureto set the temperaturesetpointsof the multivesselcolumn to the meanof the
boiling point of thetwo componentsto beseparatedproofedto berathereffective,provided
columnsectionsarelongenough.It is establishedthatthelengthof acolumnsectioncanbe
determinedby simplesteadystatecomputations.
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Molar distillateflow û;ü.ý0þFÿ��_ U
Controllergain û;ü.ý0þFÿ�` �48 �Kab
Molar refluxflow û;ü.ý0þFÿ��b 8
Level controller�
Holdup û;ü.ý0þ

ò U Numberof components
ò � Numberof stagesin sectioncd

Universalgasconstant û;e]ÿ�`!û;ü.ýLþ _ a� Time �� � Batchtime �A Temperature
�48ACf Boiling temperature
� 8A 8 � TemperaturecontrollerA �g�h� Changeover temperatures
�48

ù Molar vaporflow û;ü.ý0þFÿ���
Molar liquid composition�;QSR�TVU
molarproductspecificationi Molar vaporcomposition"$# Molar feedcomposition

GreekSymbols- Relativevolatilityjlknm �oR
Heatof vaporization û;e]ÿbû;ü.ý0þj
Deviationp Controllerresettime ÷Wÿ��
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Subscriptsq
Boiling pointr
Feedc91s�1Rût1Rþ1�ü Identifier

ý�uvu Off-cut fractiond
Reboilerw
ControllerSetpoint� Totalnumber�®ý�� Totalamount

ú Initial statex Final state

Appendix: Estimation of column length

A possiblemethodto determinetheminimumnumberof theoreticalstagesin a section
of themultivesselbatchdistillationcolumnis basedon theFenske-equation(Fenske,1932).
Notethatthisrelationis originally developedfor abinarymixturein acontinuousdistillation
column,but is hereappliedto a distillation columnseparatinga multicomponentmixture.
For continuousdistillation the top composition,

���
, as“light” andthebottomcomposition,���zy �

, as“heavy” heavy key componentwill beconstant.In generalfor batchdistillation at
leastoneof thesecompositionswill vary with time. For the constantproductcomposition
policy of a conventionalbatchdistillation column,e.g.

���
will be constantand

���{y �
will

vary. Applicationof this methodto theclosedoperationof themultivesselbatchdistillation
is possiblesincetowardstheendof separationthecompositionswill beconstant.

Apply theFenske-equation ������zy �}|�~��Fô -��� D �{y � ������zy �}|�~��>��� (6.5)

with
���

and
���{y �

in this section.Thecomponentswill accumulatein vessel
� �

(“distillate”)
and

� �zy �
(“bottoms”), respectively.

Assumingconstantrelativevolatilitiesandtotal reflux. Introducingtheseparationfactor,w
(Shinskey, 1984): w ô `�� �� �0��� a�|�~X�`�� �� �>�M� a�|�~��>��� (6.6)

Combineequations6.5and6.6andapplydatafrom to adjacentvessels(e.g.
���

and
���

) the
numberof stagesin asectioncanbecomputedfrom

ò*óô þ�� w
þ�� - � D �zy � (6.7)
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Givenasetof productspecifications,seeTable6.8andtherequirementthat � �z�@�� �0��� O�÷ the
numberof stagesin eachcolumnsectioncanbecomputed.Resultsfrom applicationof Eq.
6.7aresummarizedin Table6.9, thenumericalvaluesfor therelativevolatilities arechosen
to becloseto thechemicalsystemmethanol-ethanol-propanol-butanol.

Table6.8: Specifiedvesselcompositionfor designof themultivesselbatchdistillation col-
umn

Vessel
� � � � � � � 	���

0.98 0.02 0.0 0.0���
0.025 0.95 0.025 0.0���
0.0 0.025 0.95 0.025�N	
0.0 0.0 0.02 0.98

Themultivesselbatchdistillation columnoperatesundertotal reflux suchthat themin-
imum numberof stages(seeTable6.9) is readily given from the mostdifficult separation.
For thebasicdesignof themultivesselbatchdistillation column,it is chosento utilize sec-
tionsof identicallength,correspondingto thenumberof stagesof thecentersection.For a
conventionalbatchdistillation column,operatingwith

b �[� � +� �.0?lù thenumberof stages
is increasedby 40 %.

Table6.9: Relativevolatilitiesof thefour componentsystemandnumberof stagesnecessary
for thegivenseparationproblem

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

relativevolatility - � D � - �o� ô�/2.Põ=÷ - �� ôx÷�.> �� - �g	 ô�/2.PõHú
relativevolatility - � D 	 - ��	 ôç÷(ú�.I3 - �g	 ô�3�.0� - �g	 ô�/2.PõHú

Fenske ò*ó2D � O�?�.> � ò*ó2D � O�÷(ú�.>?=÷ ò�ó'D � O� �.PúHõ



Chapter 7

Discussion,Conclusionsand Futur e
Work

7.1 Discussion

This thesishasaddresseda numberof differentaspectsof dynamicsandoperationof con-
tinuousandbatchdistillation columns.The researchwasa combinationof simulationand
experimentalwork wereexperimentswereperformedto verify simulationresults. The re-
searchhasbeenmotivatedby the needfor a more thoroughunderstandingon distillation
columnsdynamics.

Consideringcontinuousdistillation columns,the initial responseto stepchangesin the
manipulatedvariableshasbeeninvestigated.In an iterative manner, experimentswereper-
formed on a pilot plant, parametersestimatedanda simulationmodelwas than updated.
Thosesimulationresultswerethancomparedto experimentaldata. The resultingrigorous
traymodelgaverathergoodagreementwith theperformedexperiments.Fromtheanalysisof
thesimplifiedmodelwe seethatevenif weusesimpledynamicmodelsfor thecomposition
dynamicsthehydraulicdynamicsshouldstill beconsideredandmodeledin anappropriate
manner. Especiallycarehasto betakento obtaingoodestimatesfor thehydraulictimecon-
stantsandthe liquid holdupon the stage.Studieson controllability or selectionof control
strategiesof continuoushigh purity distillation which haveappliedtheresultswerenot per-
formed.It couldbearguedthattheperformedsimulationsandexperimentalwork shouldbe
appliedin theareaof controlof continuousdistillation columns,but researchinterestswere
redirectedfrom continuousdistillation to batchdistillation.

Researchwasdoneontheoperationof anovel batchdistillationcolumnincludingthede-
velopmentandexperimentalverificationof a new controlstrategy which resultedin thefirst
implementationof a multivesselbatchdistillation column. Thethesispresentstheverifica-
tion of theproposedcontrolstrategy, includingsimulationstudieswhichverify thefeasibility
of theprocessitself andexperimentsona laboratoryscalepilot plantwhichconfirmthesim-
ulation results.Theproposedcontrolstructurebasedon simpletemperaturemeasurements
wascomparedto similar feedbackstructureswith conventionalinputsignalsfor composition
controllers.Further, aprocedurefor feedbackcontrolof aconventionalbatchdistillationcol-
umnwasdeveloped,which proofedto be rathersimpleto implementandgave rathergood
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results.Theoperationpolicy of theconventionalcolumnwascomparedto theoperationpol-
icy of themultivesselbatchdistillationcolumnwith respectto energy consumptionandease
of operation.

Thejustificationfor usingmultivesseldistillation insteadof conventionalbatchdistilla-
tion is to save energy, or equivalently, for a givenheatinput the batchtime maybe signif-
icantly shorter. Anotheradvantageis thesimpleoperationof themultivesselcolumnunder
total refluxandit maybeeasierto operatethecolumncloseto optimumwith themultivessel
column. In conventionalbatchdistillation the optimaloperationmay dependon the reflux
policy andquitestronglyon theuseof off-cutsto achieve thedesiredproductcomposition.
However, conventionalbatchdistillation enablestheutilization of oneprocessfor quitedif-
ferentseparationproblems. On the otherhand,in the multivesselbatchcolumnthereare
fewerdegreesof freedomandthissimplifiestheoperationconsiderably.

Theimplementationof the reflux policy andtheswitchingbetweenproductandoff-cut
fractionsrequireoftenanadvancedcontrolsystemor anexperiencedoperator. In multivessel
batchdistillation therearefewer degreesof freedomin thedesignandoperationof theunit.
Thisallow for ancloseto optimaloperation,providedthecolumnsectionsarelongenough.

Onedisadvantagewith the multivesselcolumncomparedwith the conventionalbatch
distillation is that the columnitself is morecomplicated.Also, whereasin a conventional
batchcolumnoneonly hasto make decisionon the lengthof onesinglecolumnsection,
onehasto decideon thenumberof sectionsandtheir lengthfor a multivesselcolumn. The
designof themultivesselcolumnsis thereforemorecloselylinkedto aspecificfeedmixture,
in particularthe relative volatility andthe productspecifications.Thus,thedesignprocess
of a multivesselcolumn is similar to the designof a sequenceof continuousdistillation
columns.

Two start-upprocedureswere investigated,initially the liquid wasdistributedover the
columnand a secondwere liquid is fed to the reboiler. Simulationandexperimenthave
shown thattherearenosignificantdifferencesin operationtimefor thetwo consideredstart-
up procedures.Becauseof possiblecontrollimitations(inverseresponses)for thefirst start-
up procedureand from a view point of a practicalimplementationthe latter procedureis
assumedto bethemostfavorable.

It was found that the setpointof the temperaturecontrollershave someinfluenceon
thebatchtime. Nevertheless,simulationsshow that thesimplemindedprocedureto chose
the setpointto equalthe meanboiling temperatureof the two componentsto be separated
in a columnsectiongave rathergoodresults,againprovided the columnsectionsarelong
enough.Further, theinvestigationproofedthatthedesignbasedon steadystatetray-by-tray
calculationsis sufficient for achemicalsystemusedin this casestudy.

7.2 Conclusions

Themainresultsfrom thethesisaresummarizedbelow:
Chapter 2
Thevalidity of a rigorousmodelof a trayeddistillation hasbeendemonstratedthroughthe
comparisonof experimentalandsimulationresultsof theopen-loopoperationof theinvesti-
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gatedcontinuousdistillationcolumn.Analytical expressionfor thehydraulictimeconstants
for liquid andvaporaredevelopedbasedon thedesigndataof a stageddistillation column.
It is fairly straightforward to generalizetheresultsto othersieve tray distillation columns,
sincenofor theinvestigatedsystemspecificcorrelationswereutilized. Thepresentedresults
demonstratethe importanceof realisticmodeledtray hydraulicsfor theproperoperationof
theprocess.

Chapter 3
A generalmultivesselbatchdistillation columnis proposedwhich canbe seenasa super-
structureof previous proposedbatchdistillation columns. A new control strategy for the
operationof themultivesselbatchdistillation columnundertotal reflux is proposedandit is
shown that thecontrol schemeis easyto implementandoperate.Thesimpleproportional-
only-controllerapplytemperaturemeasurementsin thecolumnsectionsto temporarilyadjust
the reflux flows. It hasbeenshown that thefinal productcompositionsareindependenton
thefeedcomposition.A simpleprocedureto determinethesetpointis presented.For suffi-
cient long columnsit is possibleto purify a multicomponentmixture in oneseparationstep
in a multivesselbatchdistillation columninsteadof separationof onecomponentat a time
from agivenmixturein a conventionalbatchdistillation column.

Chapter 4
The experimentalverificationof the previously presentedsimulationresultsare the main
contribution presentedin this chapter. Following the initial proposalfor closedoperation
with indirect level adjustmentbasedon temperaturecontrol, concernswereraisedthat this
wouldnotwork in practice.Thestudywasthereforeperformedtoconfirmexperimentallythe
feasibilityof theproposedmethodof operation.Theexperimentsshow verygoodagreement
with the simulations,andconfirm that the multivesselcolumncanbe easilyoperatedwith
PI-controllerswith temperatureasinputsignal.For agivensetof temperaturesetpoints,it is
confirmedthatthefinal productcompositionsareindependentof theinitial feedcomposition.

Chapter 5
Theapplicationof alternativecontrolstructureswereinvestigatedin a casestudy. Theinput
signalsto the single loop controllerswerecompositionsfrom vesselsandtraysin the col-
umn. Theperformanceof theseschemeswasconsiderableworsethantheschemebasedon
temperaturemeasurement,sincelong timedelaysin compositionmeasurementsstronglyin-
fluencethecontrolperformance.It wasfoundthatthecontrolschemebasedon temperature
measurementsin thecenterof acolumnsectiongave themostfavorableresultswith respect
to batchtime (energy consumption)andeaseof operation.

Chapter 6
Conventionalandmultivesselbatchdistillationcolumnswerecomparedin acasestudywith
respectto the net production. A reductionof energy consumptionof approximately50 %
were found when using a multivesselcolumn insteadof a conventionalbatchdistillation
column. The main advantagewith the multivesselbatchdistillation is probablyits much
simpleroperationcomparedto aconventionalbatchdistillationcolumn.Thesimpleminded
procedureto set the temperaturesetpointsof the multivesselcolumnproofedto be rather
effective, provided columnsectionsare long enough. It is establishedthat the lengthof a
columnsectioncanbedeterminedby simplesteadystatecomputations.
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7.3 Futur ework

7.3.1 Continuousdistillation

Theinitial responseof a stageddistillation columnto stepchangesin themanipulatedvari-
ables(reflux flow andreboilerheatinput) have beenconsideredin this thesis. It hasbeen
demonstratedthat the dynamicbehavior of a distillation columnis strongly influencedon
thehydraulicsof liquid andvaporflows. Especially, for simplifiedmodelsthoseshouldbe
estimatedcarefullyto achieveappropriateresults.Theapplicationof simulationmodelsde-
velopedto describetheinitial responseof distillation columns(on theexpenseof thesteady
statebehavior) shouldbe investigatedthoroughlyfor simulationstudiesconcerningthese-
lection of control structures.Especiallyif multivariablecontrol or modelbasedcontrol is
theaim of thestudy, simulationmodelswith a correctasnecessarydescriptionof theinitial
responseareof vital importance.

Althoughtheexperimentalandsimulationresultsof thiswork arein goodagreement,the
generalizationof theseresultswill needfurtherresearch.Thepresentedwork wasperformed
on one single column suchthat the validity of the “tuning”-parametersof the simulation
modelshave to beverifiedon otherstagedcolumns.Furtherassumptionsmadeduring the
modelingprocessconcerningthebehavior of theliquid holdupon thesieve tray anddown-
comer, with respectto changesin liquid andvaporflow needfurther verification. Optical
inspectionwasnot possiblein theavailabledistillation columnthustheseassumptioncould
not beverifiedyet. However, it would beworthwhileto considerbuilding a distillation col-
umn in glassto investigatetheseeffectsin detail,especiallyverify which of thementioned
effectshave themostextensive influenceon theinitial response.

7.3.2 Multi vesselbatch distillation

Althoughtheresultspresentedin this thesison thetemperaturecontrolledmultivesselbatch
distillation column are most encouraging,a numberof questionsare openfor further re-
search.

1. Thetotal refluxoperationmaybegeneralizedby alsoallowing withdrawal of products
(continuousor discontinuous)from thevessels.It mightbelessoptimalto operatethe
columnwith all vesselsfilled; consideringthatoneof thevesselsmight have reached
its productspecificationthis vesselshouldbeemptied.Emptyingvesselswhich have
reachedtheir specificationwill reducethe compositiontime constantin this section,
thuspurificationof theremainingcolumnholdupwill besimplified.

Additional to allow for productwithdrawl duringoperation,addingfeedto reboileror
intermediatevesselscouldbebeneficial. In this way themultivesselcolumnformsa
“superstructure”whichhasasspecialcasesall previouslyproposedbatchschemes.A
systematicapproachto determinepossiblefeedor productflows during operationis
neededfor themultivesselbatchdistillationcolumnto operateoptimalwith respectto
energy consumptionandproductrecovery.
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2. It shouldbeestablishedfor whattypeof mixturesandconditionsthenew multivessel
batchcolumnis mostsuited.Theuntil now performedsimulationwork is performed
with rathersimplemodels(constantrelative volatilities) suchthat the separationof
e.g. azeotropicmixtureswasnot investigated.In this contents,a screeningof thesep-
arationof azeotropicmixturesby meansof an entrainershouldbe performed. The
continuousrecirculationof entrainerbetweenvesselscouldfacilitatetheseparationof
an azeotropicmixture in onecolumn,insteadof two continuouscolumnswith recir-
culationof theentraineror thesequenceof separationandentrainerregenerationin a
conventionalbatchdistillation column.However, ananalyticapproachfor thescreen-
ing procedureconcerningthe mixturesto be separatedin this columnconfiguration
hasto befound.

3. In this studythesetpointsfor the temperaturecontrollersweresetsuchthat the tem-
peraturein the middle of the sectionequalthe averageof the boiling points of the
componentsseparatedin that section. In general,this is mostprobablynot optimal,
especiallyif therequirementsfor productpuritiesareverydifferent.Researchwork to
determineaprocedurewhichfindstheoptimalsetpointfor agivenseparationproblem
with agivencolumnconfigurationhasto beperformed.

4. With the currentpolicy, the operationof the multivesselbatchdistillation columnis
abortedwhenall productcompositionsareachieved.Researchhasto establishreason-
ablecriterionsfor abortingthetotal refluxoperation,thatis, whenis theimprovement
in productpurity tooslow to justify furtheroperation,andhow shouldthisbedetected.
Froma practicalpoint of view somekind of compositionmeasurementhasto beused
to determinethetime whendistillationcanbestopped.

5. The start-upof the multivesselbatchdistillation columnwasperformedin a kind of
intuitivemannerandcouldbeseenastwo extremes,eithertheliquid wasaddedto the
reboileror distributedevenly over the intermediatevessels.In caseof feedstreams
with identicalcomponents( e.g. numberandtype)but differentinitial compositionit
mightbelesseconomicalto mix thesefeedstreams,insteadof distributingtheindivid-
ual feedchargesaccordingto their compositionalongthe column. Somesystematic
approachis necessaryto determineif a distribution of feedover thecolumnis benefi-
cial.

Additionally to thedistributionof liquid overthecolumn,moreresearchhasto beper-
formedtowardsan automatizationof the start-up.The developmentof an automatic
start-upsequencewhich is eventdrivenwill resultin a furthersimplificationof theop-
eration.However, thestart-upof theexperimentalsystemproofedto beeasy, provided
liquid wasfedto thereboiler. An optimizationof thestart-upprocedurewhich is inde-
pendentof theinitial liquid distribution seamsnecessaryto generalizetheapplication
of thecolumn.

6. The aboveddescribedresearchtopicswill be solved initially by simulationsstudies,
which will needfurther experimentalverification,even if the herepresentedexper-
imental datashow very good agreementwith the performedsimulations. The per-
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formedexperimentsconsideranideal feedmixturesuchthatoperationof thecolumn
wasrathereasy. Simulationsmightshow thatmorecomplex mixtures,likeazeotropic
or evenhetero-azeotropicmixturescanbeseparatein thisprocess.However, bothsim-
ulationstudiesandtheirexperimentalverificationshouldbeperformedbeforegeneral
conclusionsfor theapplicationof themultivesselbatchdistillationcolumnconsidering
stronglynon-idealmixturescanbedrawn.



Appendix A

Experimental facilities

Theobjectiveof theexperimentalwork wasto evaluatethetheoreticalsimulationresultsand
gainfurther insighton thecomplexity of themodelrequiredto describethedistillation unit
sufficiently. This approachrequirediterationof theexperimentalandmodelingphases.For
this purposesa distillation columnof theDepartmentof ChemicalEngineering,Norwegian
Universityof ScienceandTechnology(NTNU) wasused.This columnis asieve tray distil-
lation unit in pilot plantscale,theoriginal pilot planthasbeendesignedby Loe (1976)and
hasbeenmodifiedlaterby Mejdell (1990).

Thefirst partof thePh.D.studywasspenton rebuilding of thedistillation columnwith
redesignof severalparts.Theinstrumentationwasimprovedto enablea bettercomparison
of experimentandsimulationresults.A PCbasedprocesscontrolsystem,Paragon500from
IntecControls(Paragon,1992)wasimplemented,interfacedto theexisting equipmentand
tested.Theflexibility of thecontrolsystemenablestheuserto implementseveraldifferent
controlstructuresanduserwrittenC-routines(MSC6.0Compiler, 1990).

A.1 Continuousdistillation tower

Thedistillationcolumnis equippedwith elevensievetrays,electricalheater, total condenser
andreflux pumpandpreheater. A feedpumpwith feedpreheater, back-upcondenser, feed
andproducttankscompletethefacility. A flowsheetof theunit is shown in figureA.1.

The entireunit is approximately6 m high including the back-upcondenserunit. The
distillation columnis about3.5 metershigh, thewall is build of 2 mm stainlesssteelandis
with elevensieve traysequipped.Thedistillation tower is operatedat atmosphericpressure.

Dueto safetyregulationstheentireunit, tanksystemandall piping is build of stainless
steel.Further, theobjectiveof theback-upcondenseris to ensurethatvaporis condensedif
thecoolerdutyof themaincondenseris insufficientalternatively in caseof malfunction.

A.1.1 Tray design

The distillation columnis build of 10 identicalsection,flangedto eachotherplus top and
bottomsection.Thedesignof thesectionsis shown in figureA.2. Eachsectionis 300mm
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high andhasa diameterof 125 mm. Betweenthe sectionseleven sieve trays(figure A.3)
with 75 holesof 2.7mm diameterareinstalled.
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FigureA.1: Pilot plantscaledistillationcolumn
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FigureA.2: Sectiondesign(measurementsin mm)

Thedowncomeris designedasacombinationof inlet weir for thetrayandoutletweir for
thetray above. Theoutletweir heightis 30 mm for all trays.Theinlet weir is placedat the
endof thedowncomerandhasa liquid sealof 30mmwith a totalheightof 40mm. Therea-
sonfor this design(Mejdell, 1990)is to increasetheactive areaof thetower. Thesedesign
meetrecommendationsfrom literature(Perry, et al. 1984)with respectto active areaand
percentageholearea,pressuredropandvaporspeedin emptytower(seechapter2). Thede-
signenablesanoperationwith approximately10 to 100% of liquid flow andapproximately
15 to 75 % of reboilerheatinput without operationalproblems.Operationalproblemsare
mainlyentrainment,weepingandfloodingfor thecolumnandcondenseroverload.Thepos-
siblemaldistributionof thefroth below theinlet weir is assumedto nothaveany measurable
effecton theoverallperformanceof theunit.

Eachtray is equippedwith a type K thermocouple,which is placedapproximately20
mm above thetray. Thesensorsare150mm long with a diameterof 1/16”. Themeasuring
point is not insulated,suchthat the time constantof the sensoris below 2 secondsfor the
choseninstallation.Theplacementis chosensuchthat thethermocoupleis still in thefroth
of thetray. Thesensorsarefitted to thecolumnby fittings andthightenby Teflonpackings
to enablemaintenance,e.g. recalibration.
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FigureA.3: Platedesign(measurementsin mm)

A.1.2 Reboiler

Thebottomsection,depictedin FigureA.4 connectsthereboilerto thefirst tray of thecol-
umn,suchthat thevaporinlet line entersabove theoutletof thedowncomer. This arrange-
mentis chosento avoid thatdropletsto becarriedup by theincomingvaporflow.

Thereboiler( seFigureA.4) is electricalheatedwith a maximumheatinput of 15 kW,
which is evenly distributedover 6 heatingelements.The total volumeof thereboileris 12
liter, undernormaloperationapproximately4 liter areoccupiedby liquid. The reboiler is
equippedwith flangesto connectadifferentialpressurecell for liquid level measurementand
two thermocouples.Onethermocouplemeasurestheliquid temperaturein theliquid phase,
thesecondis attachedto theheatingcoil for safetyreasons.

A.1.3 Total condenserand accumulator

Thetop (figureA.5) andbottomsection(figureA.4) of theunit aredesignedto connectthe
distillation tower to reboilerandcondenser, respectively.

The total condenseris divided into two parts,themaincondenser(seeFigureA.1) and
the back-upcondenser. The thermocoupleis fitted into the vapor line betweenmain and
back-upcondenser.

To avoid excessive subcoolingof thecondensedvapora liquid sealin thebottomof the
condenseris installedandsomevaporpassingthroughthesealwill condense.
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From the condenserthe condensedliquid flows througha pipe to the accumulator. At
steadystatetheapproximately÷�.0��þ of the /2.0�ìþ accumulatorareoccupiedby liquid.
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FigureA.4: Bottomsection(measurementsin mm)

A.1.4 Peripheral equipment

Thereflux andfeedflow is controlledby meansof dosingpumpsfrom Wallace& Tiernan,
typeG-50plungerpump. Thepumpsareequippedwith a constantspeedmotordrive with
1425 r.p.m. and variablestroke length which is adjustedby a servo motor. The flow is
smoothto adjustfrom 0 to 1000ml/min, thechangefrom zeroto full capacitytakesapproxi-
mately1 minute.Therefluxpumpis controlledautomaticallywhile thefeedflow is adjusted
manually.

Refluxandfeedpreheaterareequippedwith 1.5 kW and2.5 kW heatingelements,re-
spectively. Thevolumesof theheatingelementsare250ml for thereflux preheaterand700
ml for thefeedpreheater.

Refluxandbottomflow is controlledby air actuatedneedlevalves,deliveredby Foxboro.
Theproductstreamsarecontrolledbyacascadecontrolarrangementof valveandflowme-

ter. To avoid temperaturechangesof theproductstreams,heatexchangersareinstalledbe-
tweenvalveandproductflow measurement.Theheatexchangersaredesignedsuchthatthe
outlet temperatureis below 15

�
C. To adjustfor viscositychangesof the productstreamsa
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linear approximationof the viscosityas function of the compositionis used. The flow is
approximately500ml for thedistillatevalveandapproximately350ml for thebottomvalve
whenthecontrolvalvearefully open.

Theproducttanksandthefeedtankareconnectedby two pumps,suchthattheproducts
canbe recirculatedto the feedtank. The pumpsarecontrolledby relay which act on the
powersupplyof thepump.
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FigureA.5: Top section(measurementsin mm)

A.1.5 Instrumentation

Thedistillationunit is equippedwith 16chromel-alumelthermocouples,where11areplaced
in thecenterof thetrays,oneeachin reboiler, condenserandthepreheatersfurthertwo ele-
mentswereattachedto theoutershellof thecolumn.Thethermocouplesareconnectedto a
DataTranslationDT 756terminalpanelwith cold junctioncompensation.Theamplification
of thesignalis chosento 200times.

Thetemperaturecontrolof feedandreflux line is basedon chromel-alumelthermocou-
plesplacedin theoutletof thepreheaterunits. Theoutlettemperatureof thepreheaterunits
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is controlledby single loop PI-controllerswhich senda digital signal to the control relay.
The sampletime is 2.5 secondsfor the controllerwhile the sendingI/O-boardexecutesat
0.1 second.The signalis rootedto a relaywhich controlsthe power supplyof theheating
elements.

The temperatureof the condenseris controlledsuchthat the temperaturein the vapor
line (connectioncondenserandback-upcondenser)isslightly lower thanthe dew point of
themixtureto becondensed.Thetemperaturecontrolof thecondenseris doneby asolenoid
valvewhichadjustthewaterflow throughthecoolingpipes.

TheFoxboroproductflow controlvalvesareequippedwith FoxboroTDC 3000volt-to-
currenttransmitters(0-10V to 10-50mA) andcurrent-to-airactuators.Theanalogcontrol
signalto thevalvesis nominally from 0 to 10 Volt. To preventthevalvesfrom damage,the
allowedsignalsareconstrictedto 90% of its maximumopening

Theflow controlof the reflux pumpis doneby a servo motoranda cascadetypeposi-
tioner. A control amplifier transformsthe 0-10 Volt outputsignalof the computerto 4-20
mA signalto theservo motor.

ThreeFoxborodifferentialpressurecellsareusedto measurereboilerandaccumulator
liquid level andthetotal pressuredropfrom reboilerto condenser.

Two TurboMesstechnikflowmetersareinstalledin theproductlines. Themediaflows
vertically upwardsbetweenthe float andthe measuringring, the vertical positionis of the
float measuredis proportionalto the flow. The flow measurementis strongly influenced
by pressuredropover thevalve, temperatureandtheviscosityof theproductstreams.The
correctionof theviscosityis doneby meansof thesoftwarein thecontrolsystem.

Two two-waysolenoidvalvesareusedfor samplingof bothproductstreams.Thebottom
samplingvalveis installedin theconnectingline betweenthelowertrayandthereboiler. The
top productsamplingvalve is placedin the reflux line behindthe reflux pump. Thevalves
areopenfor 0.5secondsgiving asamplevolumeof approximately15ml.

The feedtank is equippedwith two level switches,indicatingthe maximumandlower
tank level. The two producttanksareequippedwith onelevel switch to indicatewhenthe
tanksare drainedby the recirculationpumps. The pumpsarestartedwhen the feed tank
reachesits minimumlevel andstoppedwhentheupperlevel of the feedtank is reachedor
bothproducttanksaredrained.

All sensorsof thedistillationunit areconnectedto two DataTranslationDT 2801-Adata
acquisitionboards.Theboardshave each16 serialendedanaloginput and2 analogoutput
channels,additionaltheboardsfeaturetwo 8 channeldigital I/O ports. Theseboardshave
two 12-bit A/D converterswith a maximumof 13.7 kHz throughput. The analogdigital
conversionof the boardfor the temperaturemeasurementis configuredfor an input signal
rangeof 0 to 1.25Volt giving a resolutionof approximately0.038

�
C.

Theremainingboardis configuredfor thesensorswhichhavean0 to 10Volt outputspan.
Thedigital conversionis chosento coveranoutputrangeof 0 to 10 Volt.

Thermocouplesin reboilerandthe two preheatersarecoupledto the safetysystemof
thedistillationunit. Thethermocouplemeasuresthetemperaturegradient(over time)on the
surfaceof theheatingelements.Thetemperaturegradienton theheatingelementis usedto
shutdown theelectricalpower supplyto reboilerandpreheaters.Shutdown is activatedfor
gradients

] ó] )�� � � 8 ÿ0ü�cV� .
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A.1.6 Data acquisition and control

Thedatasamplingandcontrolunit consistsof aAreolPC-70386-33MHz personalcomputer
andEpsonLX-400 needleprinter.

Thecontrol softwareis purchasedfrom INTEC ControlsCooperationandis a Paragon
500Version1.32.Thecontrolsystemconsistsof astrategy anddisplaybuilder for thedevel-
opmentof monitorandbasiccontrolfunctions.A runtimeroutineandI/O hardwareinterface
to executethecontroltask.An off-line historianmoduleenablesviewing andconversionof
historical datainto LOTUS 1-2-3 format (Lotus, 1989). Furtherdataanalysisis donein
MATLAB (Matlab,1999). ThePARAGON 500software(Paragon,1989)allows for inter-
facingof Userwritten Microsoft MSC 6.0a(MSC-compiler, 1990)routines.Theseroutines
arelinkedto thecontrolsystemandenabletheexecutionof morecomplicatedtasks.

All measurementsaresampledeverysecondandreadinto thecontrolprogram.Datacon-
versionfrom analogto digital is performedby 12-bit A/D convertersat thegivensampling
time. Thedigital signalsarereadinto thecontrolprogramby I/O hardwaredriverswritten
in MSC 6.0. Conversionof dataform digital to a numericalrepresentationis performedby
thehardwaredriver. Theanalogsignalsareconvertedby third gradefunctionsfrom rawdata
to engineeringunits (e.g. Volt to

�
C) andafterwardsusedfor controlpurposes.Filtering of

the continuoussignalsis doneby a secondorderfilter with adjustabletime constant.For
temperaturemeasurementafilter timefrom 0.03to 0.1minutes(2 to 6 samples)waschosen.
After filtering thesignalsareroutedto theblocksperformingthecontroltask.

Thedataloggingroutineof thedataacquisitionsystem(ParagonFS502,version2.32)
from INTEC ControlsCooperation)is configuredsuchthattheaverageof thelastfivesample
intervalsis written to a buffer. Whenthebuffer is filled up, theentirebuffer is written to the
harddisc of the computer. The loggedinput dataare: the 11 tray temperatures,reboiler-
, condenser-, preheatertemperatures,liquid level in accumulatorandreboiler, differential
pressure,estimatesof top andbottomproductcompositionandthe productflows. Analog
outputdatawhichareloggedarereboilerheatinput, refluxpumppositionandproductvalve
position.Additional to thesesignalsthepositionof thesamplevalvesis recorded.

An off-line routine is provide to convert the collecteddataset to WKS-format which
canbe loadedinto e.g. LOTUS 1-2-3 format for further analysis. From this programthe
conversionof datato ASCII (tabular)or MATLAB format(tabularandgraphics)is possible.

A.1.7 Control of manipulated variables

All functionsof theoperationof thedistillation towerarecontrolledby thecomputercontrol
system.Theoutputsignalsto reboilerpowersupply, refluxpumppositionandthetwo prod-
uct flow valvesis updatedonceasecond.Thecontrolsignalsendbuy thecomputeris in the
rangeof 0 - 10 Volts.

Dif ferentsinglecontrolstructuresareimplementedin oneapplication.Thedefault con-
figurationis theLV-configuration,wheretherefluxflow (L) andtheheatinput to thereboiler
(V) arethemanipulatedvariablesto control

�;:
and

� f , respectively. Fromthisconfiguration
thechangeto DV, (L/D)V and(L/D)(V/B) is possibleby resettingswitcheswhich root the
signalsthroughthe application. The single loop schemesusestandardPI-controllerswith



A.2. Multi vesselbatch distillation unit 147

anti-windupandthe bumplesstransferfrom manualto automaticcontrol. Anti-windup is
implementedsuchthatthecontrollerremainswith maximumor minimumoutputsignaland
theintegralpartof thecontrolalgorithmis bypassed.

A.2 Multi vesselbatch distillation unit

A laboratoryscalemultivesselbatchdistillation unit wasbuild to performthe experiments
neededto verify thefeasibilityof theprocessandtheproposedcontrolfeedbackstrategy. The
objectivewasto make theapparatusassimpleaspossible,andto avoid auxiliaryequipment
suchasreflux pumps.Thereforethecolumnsectionsandintermediatevesselsareplacedon
top of eachother. Theunit wasbuilt in glassandcarefully insulatedto reduceheatlossto
thesurroundingsduringoperation.Theapparatusis operatedat atmosphericpressure.

Theunit consistsof areboilervessel(4 l volume),two intermediatevessels(1 l volume),
anda condensateaccumulator(1 l volumeeach). The four vesselsareconnectedby three
packedcolumnsectionsof 420mmlengthand30mmdiameterwhicharefilled with approx-
imately400ml of double-woundwire meshringsof 3 x 3 mm madefrom stainlesssteelby
Normschliff. A flowsheetof theentireunit is shown in FigureA.6.

A.2.1 Instrumentation

Eachcolumnsectionis equippedwith threetype chromel-alumel-thermocouplesplacedin
the centerof the columncrosssection. Onethermocoupleseachis placed5 cm from the
columnendsandthe third in themiddleof thesection.Thesensorsare100mm long with
a diameterof 1/16”. Themeasuringpoint is not insulated,suchthatthetime constantof the
sensoris below 2 secondsfor thechoseninstallation.Thesensorsarefitted to thecolumnby
fittings andthightenby Siliconepackingsto enablemaintenance.

The thermocouplesplacedin the middle of the columnsareusedto control the reflux
from the vesselabove by meansof two-way solenoidvalves (on-off) with an openingof
1.6 mm diameter, operatedby solid-staterelays. The reflux flow is estimatedbasedon the
control signalto the solenoidvalve. The relationbetweenopeningfrequency of the valve
andliquid flow hasbeenestablishedby calibration.Thereflux is introducedto thecenterof
thecolumn,slightly above thepackingmaterial.

Thermocouplesarealsoplacedin the intermediatevesselsandin the reboiler. The re-
boiler temperaturemeasurementgivesanindicationof thebottomproductquality. A second
thermocouplein the electricalheatedreboiler is placedbetweenheatingmantleandglass
vesselto avoid excessive surfacetemperatures.The temperaturemeasurementof the inter-
mediatevesselsallows for the control of heatingtapesfitted to the exterior surfaceof the
vessels.Theprimaryobjective of thesetapesis to compensatefor heatlossesin piping and
vesselsconnectingthecolumnsections.

Level measurementsarenot installed,a liquid leg is installedto enablethevisualinspec-
tion of vesselsandreboilerdo give anindicationof theliquid distribution over thecolumn.
Duringnormaloperation,level controlis notnecessaryto control/influencethechosenreflux
flow. In caseswherethevesselvolumedecreasesbelow a pre-specifiedminimumthereflux
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is fixedto aminimumandthetemperature-basedrefluxcontrolleris overriddenmanuallyby
theoperator.

O = 30 mm

M = 1 l

M = 4 l

M = 1 l

M = 1 l
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 4
00
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0 < L < 250 ml/min
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T2

T1

FigureA.6: Pilot plantscaledistillationcolumn
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A.2.2 Control structur e

Thereflux into eachsectionwasusedto controlthetemperaturein themiddleof thesection
below (asshown in FigureA.6). For simplicity thesetpointof the temperaturecontrollers
weresetto thearithmeticmeanof theboiling pointsof thetwo componentsto beseparated
in thesectionA Q D � ô ���� `�At�VD �K� Av�VD �{y � a . Thechosencontrollertypefor theexperimentsis a
standardPI-controller, which weretunedto beratherslow to avoid excessivecontrolaction
duringstart-upandin thepresenceof disturbances.

Thethermocoupleinstalledin thereboilerisusedin conjunctionwith anexternalmounted
thermocoupleto adjusttheheatinputto thereboilerbycontrollingthetemperaturedifference
betweenreboilerandheatingmantle.

A.2.3 Designand operation data

The multivesselbatchdistillation column is designedbasedprimarily on the dataavail-
able by Normschliff (1990). The datasuppliedby Normschliff are for the mixture of n-
heptane/cyclohexane.Thesedataareadjusteddueto thedifferencesin heatof vaporization,
viscosityanddensitybetweenthe testmixture andthe distilled alcoholmixture consisting
of methanol,ethanol,n-propanolandn-butanol.Thedesignprocessof themultivesselbatch
distillation columnwasstrongly influencedby a ratherunfavorableratio betweenvolume
andsurface(internaldiameterof a columnsectionof 30 mm), someadjustmentof thede-
signweremadeduringtheoperationto avoid operationalproblems.

Fromthe designinformationavailablefrom Normschliff (1990)(page5.3.08),a maxi-
mumliquid loadat total refluxof

b OH3�.0�Hû'�=ÿ�� with n-heptaneshouldbepossibleto process
in a columnof 30 mm diameter. Theviscosityat boiling point of n-hexaneis of theorder
of ú�.0/��
+��Z+ ú2.<õ . The efficiency of the packingis determinedby the vendorwith a test
mixtureconsistingof methylcyclohexane/n-heptane.For acolumnof 1 m length,filled with
õ � õ�ü`ü wire meshringsandaninternalcolumndiameterof 30mmthey 80theoreticaltrays
arespecifiedfor total reflux operation.At theseconditionsanaverageliquid holdupin the
columnof 75 ml wasdetermined.Givena loadof

b O�3�.0�Hû'�=ÿ�� , a heatinput in theorder
of ��fZOÁ÷Wû�  anda vaporvelocity in of ¡¢OÁ÷"üÿ�£ werecomputed.The vaporvelocity
is ratherhigh suchthat it waschosento reducethemaximumallowedreboilerloadduring
operationto �,fCD �[� � ôH¤0úHúM  to avoid overloadof thecolumn.

Basedondatafrom thevendorapproximately80theoreticalstagespermeterpackingare
expected,for the multivesselbatchcolumnwith 350 mm packingper columnsectionthis
shouldbe28 trays.Assuminganefficiency of thetraysin theorderof 50 %, theseparation
a liquid mixturewith a constantrelative volatility - � D �{y � O¥/ shouldbe feasible.Note,we
assumea ratherlow efficiency duetherathershortcolumnsections.

The designof the columnwasverified in an initial experiment,an initial reboilerfeed
charge of methanol,ethanol,n-propanolandn-butanol (seeTableA.1) shows that with a
heatinput (measuredat the reboiler)of approximately�,� < �búbú2e]ÿ�£ the columnoperates
without flooding in all threesections. Neverthelessthe packingmaterial in column 3 is
wet, suchthat this reboilerduty is mostprobablythe limit of operationwithout flooding.
Liquid accumulationonthesurfaceof thepackingstructureis assumedto bethefirst visible
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indicationthatapackedcolumnis approachingthefloodinglimit. Thenumberof theoretical
stagesis computedbasedon theFenske formula(seeAppendixto chapter6).

TableA.1: Initial feedchargeandfinal productcomposition,��f ô�õM�bú� 
component methanol ethanol n-propanol n-butanol- � D 	 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
��� ��� ��� �N	

Product composition 0.96 0.93 0.94 0.96
Numberof theoretical
stagesbetweenvessels ?¦7�÷ ÷(ú¦7�÷ ?¦7�÷

A.2.4 Data Acquisition and control

Thesensorsinstalledat thepilot plantareconnectedto a DataTranslationDT 2801-Adata
acquisitionboard.Theboardis equippedwith two 12-bitA/D convertsandareoperatedata
samplingfrequency of 1 Hertz.

Thepilot plantis equippedwith 16 thermocoupleswhich areconnectedto aDataTrans-
lation DT 756-Y terminalpanelwith cold junction anda signalamplificationof 200. The
conditioningof the temperaturemeasurementsis performedby meansof a secondorder
polynominalby thecontrolsoftware.

Thecontrolsoftware(ParagonFS502,version2.32)from INTEC ControlsCooperation
is installedon a personalcomputerwith 286 CPU. The control systemconsistsof control
strategy, operatordisplayandI/O-hardwareinterfaceto communicatewith theprocess.All
analogsignalsarefilteredby a filter with a time constantof 5 secondsfor noisereduction.
Thedataloggingroutineis configuredsuchthat theaverageof thelast tensampleintervals
is written to abuffer andlaterto thehard-discfor furtheranalysis.

Reflux flow to the column sectionsis controlledbasedon temperaturemeasurements
from thecenterof eachcolumnsection,themeasurementis fed to a standardPI-controller
(with bumplesstransferandanti-wind-up).Thecontinuouscontrolsignalis transformedto
a setof pulses,passedthrougha DataTranslationDT2801I/O-boardto a solid-staterelay
which controlthereflux flow by a solenoidvalves(on-off) which operatesat a frequency of
0.2Hz.

The reboileris controlledby a seriesof solid staterelays,which control 4 independent
heatingcoils installedin theheatingcap.Thedistributionof heatingelements1 to 4 is shown
in figureA.7. Thecontrolof thereboileris configuredsuchthat thesurfacetemperatureof
theheatingelementsis keptconstant.Thesetpointis fedto thePID-controller(seeFig. A.7)
andbasedon the deviation, surfacetemperatureandsetpoint,a control signalis computed
andsendto thesolidstaterelays.Theheatinput is controlledby relaysby cuttingthepower
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supply to the respective heatingelements.A control signalof 50 % correspondsto equal
time intervalsweretheheatingelementis §,� and §�uCu .

Eachelementhasa maximumeffectof � ��� � ô�/�¤��'e]ÿ�£ . Elements1 and2 areintercon-
nectedandreceive an identicalsignal from the relays(marked 100%). The thermocouple
usedto control thesurfacetemperatureis positionednearheatingzone2. Elements3 oper-
atesat 50 % and4 at 25 % of the loadof element1, respectively. This schemewaschosen
to avoid overheatingof theheatingelementsinstalledin position3 and4 whenthereboiler
level decreasesduringoperation.In TableA.2 we show how thereboilerduty is computed
basedon thecontrolsignal.

TableA.2: Energy input asfunctionof controlsignal

control energy input total energy
signal perelement input

1 & 2 3 4
[ % ] [J/s] [J/s] [J/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

T

setT

100 %

50 %

25 %

PID

1

2 2

3

4

3

4

LV

FigureA.7: MultivesselBatchDistillation: Reboilercontrol

A.3 Product compositionanalysis

For productcompositionanalysisa ChrompackCP9000GasChromatographwith a Flame
IonizationDetector(FID) andon-columninjectorisused.Thegaschromatographis equipped
with a ChrompackCP-Wax 52 CB fussedsilica capillary columnof 10 m lengthand0.53
mm internaldiameter. Thestationaryphaseof thecolumnis 0.42 ��ü thick theheightof a
theoreticalplatefor this columnis HETP

�[��� ô�ú2.>3�3��bü`ü . Theadvantageof thewide bore
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columnis theconsiderableshorteranalysistime for a sample.To avoid overloadingof the
capillaryGC-columnandthedetectora dilution ratio of 1:1000of sampleanda solvent is
chosen.Distilled waterwaschosenasasolvent,sincetheFID detectordoesnotdetectwater,
furtherorganicimpuritieswhichcaninterferewith themeasurementarenotexpected.

Theoperationparametersof theGCarethefollowing:

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

Hydrogen 30 ml/min 200kPa

Analysis of ethanoland butanol samples
The analysisprogramof the gaschromatographwasoptimizedfor the analysisof ethanol
andbutanol,temperaturesfor theunit aresetto:

Temperatureinjectionport /bõHú �98
Temperaturedetector /��bú � 8
Oventemperature ÷(úHú

� 8
for 3.5min followedby a ramp�bú � 8 ÿ0ü�cV� to ÷!?bú � 8

Finaloventemperature ÷!?Hú �98 for 5 min
to clean/regeneratecolumn

Analysis of methanol,ethanol,propanoland butanol samples
Thesamplesdrawn from thedifferentvesselsof themultvesselbatchdistillationcolumnand
a feedsampleareanalyzed.Operationparametersof theGCare:

Temperatureinjectionport /@3cú �48
Temperaturedetector /��bú �48
Oventemperature 3cú �98 for 0.5min followedby a ramp

÷(ú
� 8
ÿ0ü�cV� to ÷��0ú � 8

Final oventemperature ÷��bú �48 for 10 min
to clean/regeneratecolumn

Calibration procedure
Samplesof approximately60 ml areprepared,consistingof 50 ml main component,and
approximately2 ml of the impurities. As internalstandard2-pentanol( /�¨ª©�«!§ k , index£E�G% ) is chosen,approximately0.5gr areaddedto thesample.Thesamplesizeis chosento
reduseerrorsduringsamplepreparation.

Thisgiveacalibrationwherethemaincomponentis
� Oºú�.>?M� onmolarbasis.Variations

of therelative responsefactorareratherlimited, evenwhentheamountof maincomponent
is increasedto

� Oºú�.> �? . Known samplesareanalyzed,andtherelativerespoinsefactorsare
computedaccordingto thefollowing formulad�r ô ü �

ü Q ) ] ��¬ Q ) ]¬ � (A.1)
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whereindex £E�G% denotesthe internalstandardand c the componentsto be analysed.The
relative responsefactor is computedin this mannerto reducethe influenceof the injected
amount(Note,we apply the arearatiosandnot the absolutearea). The calibrationis per-
formedonmassbasisandNOT on molarbasis.

Responsefactorsof methanol,ethanol,n-propanolandn-butanolrelative to 2-pentanol
( /¨�©,«!§ k ) arecomputedtod�r ô � /'.�/bõbõM/21"÷�.I3M =÷$ �1"÷�.�÷(õ����21"÷�.PúHú�?=÷�1#÷�.<úbúHúHú@� (A.2)

thestandarddeviation for thiscalibrationmethodwasdeterminedtod�r Q ) ] ô � ú�.<ú�¤��Hõ�1Rú2.<úM¤�/�/21Rú�.PúHõHú���1Rú�.PúM/���¤'1Rú@� (A.3)

from frequentrecalibration.
Analyzing an unknown sampleconsistsof the samesteps,the total sampleweight and

therelative responsefactorsareknown. Themassof the impurtiesis determinedby analy-
sisandthemassof themaincomponentis computedfrom amaterialbalanceoverthesample.

Procedure for analysis6 Thesampleis filled into a vial, thenet-weightof thesample(approximately/búbü.þ®O
÷���¨ ÷!�@�'¯ ) is determinedby amicroscaleand0.2g 2-pentanol( /¦¨°©,«!§ k ) is added.6 10 ��þ of that sampleis diluted in 5 ml of water, we choosewater as solvent since
theutilized FID-detectordoesnot detectwater, thusorganicimpuritesfrom a solvent
couldbeavoided.6 Injectionof thesampleinto theinjectionport of theGC.Thedetectorof thegaschro-
matographis rathersensitiveto overloading,suchthatasmalleramountof theheavier
products(e.g. n-butanol rich fractions) like bottom product than top product (e.g.
methanolrich fractions)waschosento inject:

sampletype amountinjcted
feed ú�.�÷$��þ
methanol ú�.�÷$��þ
ethanol ú�.Pú�?���þ
1-propanol ú�.PúM¤@��þ
1-butanol ú�.PúM�@��þ

After 10 samples,thecolumnwasregeneratedat /búHú �48 for 10 minutesto removepossi-
ble depositsof heavier componentsfrom thecolumn.

Thegaschromatographis interfacedto aCommodoreSX386personalcomputerfor data
acquisition.TheanalysisprogramMOSAIC by Chrompack(ChrompackMosaic,1990)is
usedfor basicanalysissuchasdeterminationof thearea-ratioof the two components.The
final dataanalysissuchasconversionof rawdata(area-ratio)to compositionsis donewith
Matlab.
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A.4 Distilled system

Thechemicalsystemdistilled in thedistillationcolumnshaveto fulfill thefollowing require-
ments:6 Thecontinuousdistillationcolumnconsistsof 11sievetraysandthemultivesselbatch

distillationcolumnconsistsof sectionsapproximately8 trayseach.High purity distil-
lation requiresa fairly high relativevolatility.6 Themixtureshouldnot beto toxic.6 Boiling temperaturebelow 120

�
C for the higherboiling componentdue to safety

considerations.6 Analysisof theproductsampleshasto beuncomplicated.6 Fairly idealbehavior of thecomponentsduringdistillation,e.g. no azeotrop.6 At leastoneof thecomponentsshouldhaveacharacteristicodorfor a fastdetectionof
leaks.

The above listed requirementsare fulfilled by the systemmethanol,ethanol,n-propanol
andn-butanol. In the continuouscolumnhigh purity separationsof ethanol/n-butanoland
methanol/n-propanolarepossible.The multivesselbatchdistillation columnwasoperated
with all four components.Thepropertiesof thesystemsaresimulatedusingASPEN- Prop-
ertiesPlus(AspenPropertiesPlus,1988-1999)andarecomparedto thepurecomponentdata
givenby DaubertandDannert(1989)andGmehlingandOnken(1977).A collectionof the
mostimportantthermodynamicdatais presentedin TableA.3

TableA.3: Thermodynamicdataof components
component methanol(1) ethanol(2) n-propanol(3) n-butanol(4)Av� �98

64.96 78.5 97.4 117.25Av� _
338.11 351.65 370.55 390.4� û'�=ÿHû;ü.ýLþ 32.04 46.07 60.11 74.12± �² û'�=ÿ0ü � 791 789 804 810± ó5³ � û'�=ÿ0ü � 745 747 764 772± ó5³ � û'�=ÿ0ü � 735 737 756 764± ó ³ � û'�=ÿ0ü � 714 717 736 745± ó ³ 	 û'�=ÿ0ü � 691 694 714 725� �² ÷(ú & 	 ©,´ � £ 5.97 12.0 22.56 29.48� ó ÷(ú'& 	 ©,´ � £ 4.03µ ² 5.04¶ ² 7.6¶ ² 0.54

�o²²� ó ³ ÷(ú & 	 ©,´ � £ 4.925 3.712 2.926 *jlk �²m �·R _ e]ÿ0ü.ýLþ 37.4 42.2 47.35 52.2jlk ó ³m �·R _ e]ÿ0ü.ýLþ 35.0 38.7 41.22 43.14
* Not listed

Thedensityof thealcoholsarefoundin HalesandEllender(1976).Theviscositiesof the
components� �² and � ó arefoundin Weast(1978)while � ó ³ wasextrapolatedfrom Stephan
(1988).Theheatof vaporizationof thecomponentsis foundin Majer etal. (1985).
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Appendix B

Obtain operational parametersof a
distillation column

In thischapter, theexperimentalproceduresto determineoperationalparametersof acontin-
uousdistillationcolumnwhichdescribethedynamicsof adistillationcolumnarepresented.
Theseexperimentswereusedin aninterativemannerto determinecoefficientsappliedin the
simulationmodelspresentedin chapter2.

Experimentsperformedwerestepchangesin reflux andvaporflow, tracerexperiments,
measurementsof thepressuredropover thecolumnanddumpingexperiments.Fromthese
experimentsit waspossibleto find:6 Initial temperatureresponses6 Columnholdup6 Hydrauliclag6 Residencetime

Thedistillationcolumn(seeFigureB.1)usedfor theexperimentsis equippedwith eleven
sievetrays,anelectricalheatedreboilerandwatercooledcondenser. Thefeedandrefluxare
suppliedby meteringpumps,the temperatureof thesestreamsis controlledby electrical
heaterunits.For amoredetaileddescribtionwereferto appendixA.

The instrumentationof the column consistsof thermocouplesplacedin the centerof
eachtray, reboiler, condenserandthepreheaterunits. Theholdupof reboilerandcondenser
is measuredby differentialpressurecells. The feedandproducttanksareequippedwith
level sensorsto indicatedrainingor overflow of the tanks. The processis interfacedvia a
Hewlett-PackardTDC 2000to a PC-basedprocesscontrol systemby Intec Controls. The
control systemParagon500 is configuredto sampleat a frequency between1 and5 Hertz,
dependingon typeof measurementandtheexperimentsperformed.

The tray numberingfor the pilot plant is chosenfrom bottomto the top. The reboiler
temperaturei denoted̀�A;¸ T ��a , the tray temperaturesare from tray 1 `�A � a to tray 11 `�A �� a ,
countingfrom the bottomto the top, the temperaturesof reflux, feedandcondenseroutlet
aredenoted̀�At¹�a , ACº and `�Av#»a , respectively. The holdupin reboilerandaccumulatorare
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denoted
� :

and
� f , respectively, theseholdupsaremeasuredin

� þ�� . The pressurein the
reboilerof thedistillationcolumnis measuredin

� ü q ´M¯�� anddenoted¼���) � .

PARAGON

Reboiler

Bottom
valve

Distillate
valve

Feed 

Feed 
preheater

Reflux

pump

Reflux
pump

BreedDist-
illate

Condenser

preheater

Feed

FigureB.1: Pilot plantscaledistillationcolumn

Note: In thehere presentedAppendix,thetray numberingof thecontinuousdistillation
columnis frombottomto top, with thereboilerdefinedas“0”; this is in theoppositeorder
comparedto thedatapresentedin chapter2.
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B.1 Initial temperatureresponse

B.1.1 Definition of the initial time constant

Thedynamicsof a processcanbedeterminedfrom theresponseof theprocessto pulsesor
stepsin themanipulatedvariables.If theprocessis linearandatsteadystatebeforetheinput
is changedtheprocessdynamicswill bedeterminedby a transientresponseexperiment.In
practice,it is difficult to ensurethat the processis at rest, further measurementnoisewill
corrupttheresponses.

A stepor pulseresponsecanbeobtainedby thefollowing procedure.Whentheprocess
is at rest,thecontrolleris setto manualandthecontrolvariableis changedrapidly to its new
value. Examplesof openloop stepresponsesareshown in FigureB.2. Many propertiesof
theprocesscanbeobtaineddirectly from therecordedstepresponse.Theprocessin Figure
B.2 (a) is stablewhereasin FigureB.2 (b) an unstableprocessis presented.For a linear
systemtheshapeof thestepresponsedoesnotdependon themagnitudeanddirectionof the
input signal. Stepresponseexperimentsareaneasyway to characterizethedynamicsof a
givenprocessdueto its simplephysicalinterpretation.

The time constantis definedas the time elapseduntil a processadjustto a changein
input, thevalueof theresponsereaches63.2% of its final valueafteronetimeconstant.

Theslopeof the(normalized)responseat �uô�ú y is equalto 1.% � i `��½a ÿ i F¾�%t`�� ÿ p a | )À¿ ² � ôZ«@Á & )ÀÂVÃ�Ä | )À¿ ² � ôx÷ (B.1)

Determinegraphicallythetimeconstantof thefirst-orderlag processis shown to theleft (a)
in FigureB.2. Thetransferfunctionof theprocessis:Å `V£�auô _

÷ � £ p « &'Æ Q (B.2)

The initial time constantof a nearlycapacitive processis shown to the right (b) in Figure
B.2. A capacitiveprocesswith delayis describedby:Å `V£�ajô _Ç £ « &'Æ Q (B.3)

themodelis characterizedby thegainK andthetimedelay
Ç
. A reasonablegooddescription

of theprocessbehavior is possibleat time scale
Ç
, thestatic(low frequency) behavior is not

well defined.

B.1.2 Hydraulic time constantestimatedfr om experimentp ¹rô\`·È � ¹Tÿ�È b aGÉ (B.4)

Thehydraulictimeconstantp ¹ describethedependency of theinternalliquid flows % b on
themanipulatedvariables% b ó . We assumeconstantmolarflows and %,ùçôH%,ù=óô constant
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t /τt /τ

y(t)
yoo

y(t)
yoo

a) b)

τθ
K

θ

FigureB.2: Dimensionlessresponseof aprocessto astepchangein input, (a)first-orderlag
process,(b) almostpurecapacitiveprocess

(Rademaker et.al, 1975,Skogestadet.al, 1988). Thenumberingof the traysis from thetop
anddown. Themassbalanceover tray i :

% � �%M� ôH% b � & � ¨�% b � (B.5)

andthetray hydraulics:

% b � ô ÷p J % b � & � �ËÊ %,ù (B.6)

inserttheLaplacetransformof Eq. B.5 into B.6 yields:

% b � ô ÷
÷ � p ¹�£ % b � & � � p ¹�£

÷ � p ¹�£ Ê %,ù (B.7)

rearrangethisequationto

% b � ô ÷
÷ � p ¹�£ % b � & � �¥Ì ÷¾¨ ÷

÷ � p ¹�£�Í Ê %,ù (B.8)

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

% b f ô ÷`Å÷ � p ¹�£�a � % b ó � Ì ÷¾¨ ÷`®÷ � p ¹�£�a � Í Ê %,ù (B.9)
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were
b � denotesthe liquid outflow responseof the ò ) L -tray to a changein reflux. The

responseof theliquid flow onstageN is acascadeof first-orderresponses,onefor eachtray.
Introducethefollowing approximation:

÷`Å÷ � p ¹�£�a � O�« & � ÃVÎ Q ô�« &'Æ Q (B.10)

yields:

% b � O�« &'Æ Q % b ó � `®÷¾¨�« &'Æ Q a Ê %,ù (B.11)

From Eq. B.11 we canestimatethe hydraulictime constantfrom the measurementof
the delaybetweena changein external reflux until the liquid outflow of tray ò changesÇ ¹�O p ¹;ò .

Approximatetheliquid timeconstantfrom experimentcanbedoneby observationof the
temperatureresponseto increasein

b ó . Observingtheinitial response(seeFigureB.3) will
indicatethe time a reflux flow changeneedsto propagatethroughthe column. Secondary
effects,whicharethechangesof theliquid compositionsonthetrayswill notbeconsidered.

iT

L

t 0

time

Ti+k

N * t lt l (i+k-1) * 
t l

M b

FigureB.3: Determinationof thehydraulictime constantfrom measurementof thetemper-
atureresponsesof traysi andi+k

B.1.3 Experimental procedureto obtain the initial temperatureresponse

A briefdescriptionof theexperimentalproceduresis given.Thetimeconstantsof theprocess
aredeterminedfrom experimentswerestepchangesin onecontrolloopareperformed,while
the other loop wasnot perturbed(i.e. the signal to the actuatorwaskept constant). The
manipulatedvariablesusedarethecontrolsignalto reboilerheaterandreflux pump. These
manipulatorssettheheatinputto reboilerandthevolumetricrefluxto thedistillationcolumn.

During the experimentsthe holdupsof accumulatorandreboilerarecontrolledby ma-
nipulationof distillateandbottomproductflow, respectively. Theresponsesareloggedsuch
that approximately100 s prior to the stepchangedarerecordedandapproximately1500s
afterwards.
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The intentionis to recordthe initial responsesof temperatureson tray 3 and9, bottom
pressureandholdupin reboilerandaccumulator. Trays3 and9 arechosensincethesetray
temperaturesaremostsensitive to stepchangesin the manipulatedvariables(seeFigures
e.g. B.12andB.13). Thesetray temperatureswill lateronbeusedasinput to thecontrollers
of distillate andbottomcomposition.The influenceof the reboilerheatinput is largeston
thetemperaturesin thebottomof thecolumn,while a refluxchangewill primarily affect the
upperpartof thecolumn.

For experimentswerethe productsamplesaretaken, the shortestsamplinginterval of
the productflow compositionis in the rangeof 100 to 200 s. During the courseof the
experiments,thesamplinginterval is increasedto avoid theanalysisof anextensivenumber
of samples.

Theexperimentsperformedaredonewith manualsettingof refluxandreboilerheatinput
whichcorrespondsto anopen-loopLV-configuration.Thecolumnis operatedatatmospheric
pressurein thecondensersuchthatapressurecontrolloop is not necessary.

Procedure: Experiment 1 to 4 Thecontrolof accumulatorandreboilerholduparedone
by PI-controllersactingondistillateandbottomflow, respectively. Thecontrolloopsfor the
holduparecascadeloopswith PI-controllers. The time constantof the secondaryloop is
approximatelya tenthof theprimaryloop to ensurea reasonableresponseof thesecondary
controller.

Procedure: Experiment 5 to 7 For experiments5 to 7 the holdupsareuncontrolled,
suchthatthehydraulicsof thecolumnis investgated.

At theendof theexperiment,all controll loopsareplacedinto manual,until themeasure-
mentson tray temperaturesandlevelsarestabilize,reboilerandreflux pumpareshutdown
simultaneouslyaswell asproductvalvesareclosed.Thisshut-down procedureis performed
to determinethecolumnholdupby measureingthechangein reboilerandaccumulatolevel.

B.1.4 Resultsinital temperature response

Experiment 1 to 4: Holdup controlled

The presentedresponsesare for trays 3 and 9 as well as productcompositions. Experi-
ments1 to 4 areperformedwith analysisof feed,topandbottomcompositions.Thecontrol
of reboilerandaccumulatorlevel is doneautomaticallyby meansof distillate andbottom
flow. Thesteadystatedataof experiment1 to 4 beforeandafter thestepchangearelisted
in TableB.1. Thedataaretheaverageof at least50 measurementsprior to thestepchange.
Thefinal steadystateis definedto bea time interval of 50sapproximately300to 900safter
thestepchangewasintroduced.

Theexperimentalconditions,timeconstantsanddelayof experiments1-4 arecombined
in TableB.2. Thenotation

Ç ó�Ï indicatesthetimedelayfrom achangein amanipulatedvari-
able(L or V) until thetemperatureontray9 startsto deviatefrom its formersteadystate.The
entriesin TableB.2 which aremarkedwith (*) werenot identifiedfrom theavailabledata.
Especiallyfrom the responseswhich aresimilar to an integratorit is difficult to determine
theinitial timeconstant(e.g. Exp. 2).
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TableB.1: Steadystatedatafrom experiments1 to 4
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Therowdenotedwith timeindicatesthetimeintervalswhich areusedto computetheinitial
andfinal steadystatedata.

Experiment 1, decreasein boilup
A stepchangeis introducedin the reboiler heatsupply from initial �,f ²Nÿ ��� ¤����;e���£ to��f�	 ÿ
����� �Ke���£ at � ÿ��� £ . Sincethe initial responseis of interest,thefirst 400seconds
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afterthestepchangein themanipulatedvariableis displayed.FigureB.4 showstheproduct
compositionresponseto thereductionin reboilereffect. A decreasein reboilereffect givea
lowerpurity of thebottomproductandahigherpurity of thetopproduct.

TableB.2: Experimentalconditionsof experiments1 to 4 andtheexperimentaldetermined
timeconstantsanddelays

Exp.1 Exp.2 Exp.3 Exp.4� �������� 250 250 250 250��� ���������� 0.50 0.54 0.56 0.52� � ���
91.0 91.0 91.2 92.0��� � �
77.0 78.0 78.5 78.5

stepat  111 231 364 248
stepin !#" !#" $ $$�% & �& ��� 249.8 249.8 329.2 418.5$�' & �& ��� 249.8 249.8 382.7 382.8( $ & �& ��� 0.0 0.0 + 52.8 -35.7!*) % +-,. 3.75 3.6 4.5 5.4! ) ' +-,. 3.3 4.05 4.5 5.4( ! ) +-,. - 0.45 + 0.45 0.0 0.0/10 & ���& ��� 0.9844 0.9988 0.9826 0.9909/ ) & ���& ��� 0.0027 0.0225 0.0031 0.0055243�5

+ 2.23 + 1.11 - 1.08 - 2.28687 .
+-,

687 .
& �9 315

s 26.9 11.6 26.5 40.5: 3�5 s 69.8 26.7;<; 84.7 78.5=<> 3�?=A@ B�CED�F 687. -1.48 +4.51 -0.87 +1.09243�G
+ 4.66 + 0.88 - 2.04 - 5.22687 .

+-,
687 .
& �9 31G

s 50.8 * 16.7 17.7: 3�G s 92.1 * 75.0 103.8=<> 3�H=A@ B�CED�F 687. -1.48 * -1.43 +0.979�IKJMLON
s 3.8 1.5 * *( 9QP8R ? D P�R H s 23.9 * 13.8 22.8; not possibleto determinefromdataset; ;<; valueratherinaccurate

definitionof
2TS 3�U LWVKX D 3YU L�V[Z\�] U LWVKX D \�] U LWV[Z

Theinitial responsesto astepchangein thereboilerheatsupplyis shown in FigureB.5.
The time delay from the changein reboilerheatinput until the temperatureon tray 3 (-)
reactsis ^ ÿ`_��Y��acb

with aninitial time constantof d ÿ`�Y�� � b . Thecorrespondingdatafor
tray 9 (- -) area timedelayof ^ ÿfeg���Oehb

with aninitial timeconstantof d ÿia1jY��khb
.

CompareFigureB.4 andB.5 shows that the responseof the tray temperaturesis con-
siderablyfasterthantheproductcompositionresponse.Appropriatecontrolof a distillation
columndependson measurementswhich arefastandreliable.Sincethedelaybetweenstep
changeandtemperaturechangeontray3 is abouthalf thetimecomparedto thecomposition
changetemperatureascontrolledvariablewill bepreferable.Note thatmeasurementdelay
dueto compositionanalysisis not included,the sampleswerecollectedandanalyzedoff-
line. On-linesamplingwill requirea samplingrangeof approximately20 - 25 minutes.For
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a distillation columnwith an open-looptime constantin the orderof 2 minutesthis is not
acceptablefrom acontrolpoint of view.

Theinitial responseof thebottompressureto thestepchangein thereboilerheatsupply
is shown in FigureB.6, we find ^ ÿl�Y��kmb

. The delay from reboiler load changeto the
temperatureresponseonstage3 is determinedto ^[n�o ÿi_�jY�Opgb

andonstage9 to ^[n�q ÿ �1r ��k�b .
Theproductflows whereundera rathersluggishtunedcascadecontrol,suchthata fast

responseof theproductflow to thestepin reboilerheatinput is not expected.Thebottom
flow is changingapproximately� _�b after thestepin reboilerheatsupplyis performed.The
distillateflow startsto changeconsiderablyat � ÿs_�_ � b , that is 114s delayed.Fromtheex-
perimentsweretheproductflowsareunderautomaticcontrol,wedonotgetany information
on thehydraulicsof thecolumn.

Experiment 2, increasein boilup
Thereboilereffect wasincreasedfrom tvu�w ÿ��Y�Oj �yxz� b to tvu�	 ÿ{e|� r����yx�� b at � ÿ}_��Y~b

.
The increasein reboilerheatinput give a morepurebottomproduct(seeFigureB.8), the
compositionof thetopproductis almostunchanged.Theinitial responseof tray3 to thestep
changein thereboilerheatsupplyis shown in FigureB.9wefound ^[nYo ÿ�����j4b

, d ÿi_�jY��a�b
.

The time delayandtime constanton tray 9 to stepchangein reboilereffect arenot deter-
mined(seeFigureB.9) dueto theshapeof theresponse.Theinitial responseof thebottom
pressureto the stepchangein the reboilerheatsupply is shown in FigureB.10, we found
^M�~����� ÿs�� � b .
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boiler effect, Stepfrom 3.75kJ/sto 3.3 kJ/s
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For the secondexperimentwe have chosento tunethe cascadecontrollersfastercom-
paredto experiment1. Theresponseof thebottomflow followsimmediateafterthereboiler
heatsupplyis considerablyfaster.

The propagationof the temperatureprofile in the investigateddistillation tower during
a stepchangeis shown in FigureB.12 andFigureB.13. The temperatureprofile over the
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columnshowsthemovementof thezoneof masstransferfor times � ÿ��O_ r�rY� e r�rY� j r�r�� k r�r1� b
dueto thechangein reboilereffect at � ÿ�_��YEb

. FromFigureB.12we seethatthetray tem-
peratureon tray3 is particularysensitiveto astepchangein reboilereffect. Thetemperature
increasesby approximately

j����
.
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FigureB.13showsthetemperatureresponsesontraysandreboiler, thetimeatwhich the
boilup is incrementedis markedby theverticalrule. Thetemperatureon tray3 follow afirst
orderplusdeadtime typeof response.Thetemperatureat theopppositeendof thecolumn
(trays9 to 11) arealmostconstantdespitethestepchange.Thetemperatureslistedin Table
B.1 asinitial steadystateis theaverageof thetime interval t = 180to 230s, thefinal steady
stateis chosento betheaverageof thetemperaturefrom t = 800to 850s.

100 200 300 400 500 600 700 800
−0.03

−0.025

−0.02

−0.015

−0.01

−0.005

0

0.005

time  [s]

co
m

po
si

tio
n 

x

Product composition of experiment 2

Figure B.8: Experiment2, compositionsof
productsamples,* distillate composition,+
bottomcomposition

200 250 300 350 400 450
−0.5

0

0.5

1

1.5

2

2.5

3

3.5

4
Initial response, T3 − , T9 − −

 time    [s]

 te
m

pe
ra

tu
re

  [
C

]

FigureB.9: Experiment2, responseof tem-
peratureon tray 3 and 9 to a changein re-
boiler effect. Stepfrom 3.6 kJ/sto 4.05kJ/s
at t = 231s



B.1. Initial temperature response 167

3.5

4

4.5

200 250 300 350 400 450
20

20.5

21

21.5

22

22.5

23

23.5

24

 time    [s]

 b
ot

to
m

 p
re

ss
ur

e 
[m

ba
r]

Initial response, P_BTM (−) to step in Qb (− −) 

re
bo

ile
r 

ef
fe

ct
 [k

J/
s]

FigureB.10: Experiment2, responseof the
bottompressureto achangein reboilereffect

200 300 400 500 600 700

−50

−40

−30

−20

−10

0

10

20

30

40

 time    [s]

 fl
ow

 [m
l/m

in
]

Product flow response to step in boilup 

D

B

FigureB.11: Experiment2, responseof the
productflowsto achangein reboilereffectat
t = 231s

0 2 4 6 8 10
75

80

85

90

95

100

105

110

115

120

tray number

te
m

pe
ra

tu
re

 [C
]

Temperature profile for step in Q_B

t = 200 t = 800

reboiler

top tray

Figure B.12: Temperatureprofile over the
distillation column for experiment2, at t =
231theboilup is increasedfrom t�u = 3.6 to
4.05kJ/s(Thenumberingof thetraysis from
bottomto top, tray 0 is thereboiler)

200 300 400 500 600 700 800

80

85

90

95

100

105

110

115

120

time [s]

te
m

p
e

ra
tu

re
 [
C

]

Responses to step in Q_B at t = 231 s

T_reb

T 11

 T 3

T 9

FigureB.13: Temperatureresponsesfor ex-
periment2, at t = 231theboilup is increased
from tvu = 3.6 to 4.05kJ/s(The numbering
of the trays is from bottomto top, tray 0 is
thereboiler)

Experiment 3, increasein reflux
Theresponseof theproductcompositionto astepchangein refluxflow (onvolumetricbasis)
is shown in FigureB.14. Thereflux flow is changedfrom L = 329to 383ml/min at time t
= 364s. Theanalysisof thesamplesgivea ratherinconsistentresponse.As time increases,
the distillate compositionincreasesandthe bottompurity decreases.The initial response
of tray 9 to the stepchangein reflux flow at t = 364 s is shown in Figure B.15 we find
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^[n�o�� _1jY�W��b ��d�n�o�� k�e|��a�b
for tray 3 and ^[n�q���� jY��a�b ��d�n�q�� a���b

for tray 9.
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FigureB.14: Experiment3, compositionsof
productsamples,distillate * composition,+
bottomcomposition
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FigureB.15: Experiment3, responseof tem-
peratureon tray3and9 to a changein reflux
flow. Stepchangein reflux flow from 329.2
to 382.7ml/min at time t = 364s .

Thechangein reflux flow do not have any measurableinfluenceon thecolumnpressure
drop,seeFigureB.16. A stepchangeof approximately60 ml/min reflux by constantboilup
will increasetheclearliquid heightaboveweir by approximately� �A� ��r �Oe���� , this corre-
spondsto an increasein pressuredropby �����}r � r _�k��m �¡g¢ which is not measurablewith
theavailablepressuresensor.

350

400

450

400 500 600 700
24

24.5

25

25.5

26

26.5

27

27.5

28

 time    [s]

 b
ot

to
m

 p
re

ss
ur

e 
[m

ba
r]

Initial response, P_BTM (−) , L  (− −)

re
flu

x 
flo

w
 [m

l/m
in

]

FigureB.16: Experiment3, responseof the
bottompressureanincreasein refluxflow
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FigureB.17: Experiment3, responseof the
productflowsto achangein reboilereffectat
t = 364s

Theincreasein reflux flow at t = 364s resultsin a reduceddistillateflow andincreased
bottomflow. Thetimeneededfor theadditionalreflux to reachthereboileris ratherdifficult
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to determine,sincethe estimationis considerablydependenton the speedof the bottom
flow control loop. We seethat thebottomflow responseis delayedby approximately100s
comparedto thestepin refluxflow.

The liquid flow dynamicof thedistillation columnis considerablyfasterthanthecom-
positiondynamic.The temperatureson stages3 and9 areinitially influencedby the liquid
flow changesin thecolumnandnotby thechangeof compositionon thetray above.

Experiment 4, decreasein reflux
The compositionresponseto a decreasein reflux is shown in Figure B.18. The initial
responseof tray 9 to the stepchangein reflux flow is shown in Figure B.19, we found
^[n�oc� e r ���cb , d�n�oh� a�kY���vb

for tray 3 and ^[n�qc��� a��Wacb , d�n�q��}�~r�£ ��kvb . Thedetermination
of thetimeconstants(seeFigureB.19) is ratherdifficult, sincetheprocessactslikeacapac-
itiveprocessinsteadof a first orderprocess.As seenfrom FigureB.20,thecolumnpressure
dropis almostunchangedaftertheapproximately10% stepin refluxflow, productflowsare
presentedin FigureB.21.

Experiment 5 to 7: Holdup not controlled

Thesesecondseriesof experimentsis performedto determinethe hydraulic lag through-
out the distillation column. The experimentsareperformedwithout level control of both
reboilerandaccumulator. Thesteadystatedatafor experiments5 to 7 arepresentedin Table
B.3 andin TableB.3 andB.4. Thesteadystatedatapresentedaretheaverageof at least50
measurementsprior andafter thestepchange.The liquid andvaportraffic in thesystemis
increasedcomparedto experiments1 to 4 (seeTableB.1).
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382.8ml/min
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TableB.3: Experimentaldataof experiment5 to 7

variable dimension Experiment5 Experiment6 Experiment7¤ % ¤�¥ ¤ % ¤�¥ ¤ % ¤�¥¦g§<¨ " ©«ª 118.6045 118.6336 118.7738 118.9800 119.8710 119.7464¦¬ ©«ª 117.1996 116.7045 117.4376 117.6355 117.8319 116.0682¦ F ©«ª 116.6139 114.8309 117.2086 117.5027 116.8226 114.5664¦ 5 ©«ª 114.9569 109.9427 116.7529 117.3282 113.4145 107.8200¦�® ©«ª 110.7343 99.7791 115.6357 117.0800 107.6316 99.2418¦g¯ ©«ª 98.8170 88.0182 110.3352 115.6045 99.2587 90.6255¦g° ©«ª 90.0472 82.4473 103.3600 112.2018 91.8794 84.7627¦g± © ª 83.6216 80.8209 93.7076 106.9482 86.0981 82.5382¦g² © ª 81.0948 80.1255 84.6481 94.7482 82.3429 80.9600¦ G © ª 79.7664 79.3145 81.4471 87.0918 80.7565 79.8818¦¬ % ©«ª 79.1680 78.9800 79.7395 81.8515 79.6048 79.2909¦¬8¬ ©«ª 78.8752 78.7882 78.9243 79.4509 78.9697 78.8791¦g� ©«ª 78.6879 78.6336 78.5152 78.5600 76.9261 77.0336¦g³ ©«ª 91.0021 91.0531 91.7870 91.0892 90.9902 91.0254´ ) µ 3.8131 4.0573 3.33714 2.9882 4.0271 4.1618´ 0 µ 1.6972 1.3200 1.8343 2.0918 1.9832 1.8109$ ¶�µ¸·�¶�¹»º 468.7094 557.2380 470.4976 470.4976 797.9228 883.8665!#) ¼�½1·� 5.7900 5.7900 6.4500 8.0250 11.2500 11.2500¾ ¶�µ¸·�¶�¹»º 350 350 350 350 350 350¿ ³ ¶�ÀQµ¸·�¶hÀQµ 0.56 0.45 0.51Á " @ & ¶hÂÄÃKÅ 35.3 54.6 83.5

For experiments5 to 7 thepositionof theproductvalve is fixedby settingthedistillate
andbottomproductflow controllersto manual.More extensivestepchangesareperformed
andthetemperatureresponsesof tray 3 and9 aswell asthelevel responsesof reboilerand
accumulatorarepresented.Pressuremeasurementarenot recordedonlinesincethesensor
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wasout of order, the level differencebetweenreboilerandan opentube(ventilatedto the
atmosphere)connectedto thebottomof thecolumnis usedto determinethepressuredropat
theinitial steadystate.

In TableB.4 themainoperationaldata,timedelays,hydrauliclagandtimeconstantsare
summarized.The entriesin TableB.4 marked with (*) could not be determinedfrom the
experiments.Thedefinitionof thehyrauliclag in thedistillation columnis chosensuchthat
the manipulatordynamicscanbe neglected,namelyto the time differancefrom the initial
deviation of theaccumulatorlevel until thereboilerlevel deviates.We assumethedelayof
thelevel sensorsasnegligible.

TableB.4: Experimentalconditionsof experiments5 to 7, stepsin reboilerheatinput tcÆ and
reflux flow Ç andtheexperimentaldeterminedtime constantsaswell asdelays

Exp. 5 Exp. 6 Exp. 7¾ ¶�µ¸·�¶�¹»º 350 350 350¿ ³ ¶�ÀQµ¸·�¶hÀQµ 0.56 0.45 0.51¦ ³ ©«ª 91.0 91.0 90.0¦gÈ ©«ª 78.6 78.5 79.0
stepat  75 86 161
stepin $ !É" $$y% ¶�µ¸·�¶�¹»º 468.8 470.0 797.0$ ' ¶�µ¸·�¶�¹»º 557.2 470.0 884.0( $ ¶�µ¸·�¶�¹»º + 88.4 0.0 + 87.0! ) % ¼�½1·� 5.79 6.45 11.25!*) ' ¼�½1·� 5.79 8.03 11.25( ! ) ¼�½1·� 0.0 + 1.58 0.02 3�5

- 0.27Ê + 0.39 - 0.29Ê687 .
&ÌË

687 .
+-,

687 .
&ÌË9 3�5

s 28.3 5.5 15.4: 315 s * 17.7 *=<> 3 ?=A@ B�C D�F 6�7. - 2.23 + 2.15 - 2.422 3�G
- 0.35 + 0.18Ê - 0.58687 .
&ÌË

687 .
+-,

687 .
&ÌË=<> 3 H=A@ B�C~D�F 6�7. - 0.63 + 4.23 - 0.849 3�G

s 15.0 8.0 11.1: 31G s 28.4 36.8Ê 61.6( 9 P R ?AÍ<P R H
s 13.3 3.0 4.39�ÎÐÏ
s 5.3 33.9 6.59 Î J
s 23.1 3.9 22.3( 9 Î JgÍ Î Ï
s 17.8 30.0 15.8: Ë s 1.62 * 1.44

* notpossibleto determinefromdataset;+ valueratherinaccurate
definitionof

2TS 3�U LWVKX D 3YU L�V[Z\�] U LWVKX D \�] U LWV[Z
Experiment 5 and 7, increasein reflux
Inspectingthe responsesof experiment5 and7 (FigureB.22 andB.24), indicatethat the
temperaturein thestrippersectionof thecolumnrespondslikeanintegratorwith sometime
delay to the stepin reflux flow. From TablesB.3 and B.4 we seethat the ratherexten-
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sive changesin thereflux flow resultsin a minor temperaturechange(first orderplusdead
time responsewith low gain) in the rectificationsection,T(9), andan extensive changein
thestrippersection,(T3) (almostcapacitivereponse).Theresponseof the(uncontrolled)re-
boiler level to astepincreasein refluxflow is shown in FiguresB.23andB.25for experiment
5 and7, respectively. Theresponseof thereboilerlevel in relationto theaccumulatorlevel
is delayedby approximately18 s (averageof Exp.5and7). This is thetime it takesthestep
changein refluxflow to propagatethroughthecolumn.Apply theabovepresenteddefinition
wecomputea liquid hydraulictimeconstantof approximatelyd[Ñ��`� �Ojgb .
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FigureB.22: Experiment5, responseof tem-
peratureon tray 9 (- -), tray 3 (-) to a step
in reflux flow from 468.8 ml/min to 557.2
ml/min at time= 75 s
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FigureB.23: Experiment5, responseof re-
boiler level to astepin refluxflow from468.8
ml/min to 557.2ml/min at time= 75s
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FigureB.24: Experiment7 , responseof tem-
peratureon tray 9 (- -), tray 3 (-) to a stepin
reflux flow from 797 ml/min to 884 ml/min
at time t = 161
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FigureB.25: Experiment7 , responseof re-
boiler (-) andaccumulator(- -) level to astep
in refluxflow from797ml/min to 884ml/min
at time t = 161
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Experiment 6, increasein boilup
FigureB.26showsthetemperatureresponseof stages3 and9 for anincreasein reboilerheat
supply. Theratherextensivestepchangein reboilerduty resultsin first a orderresponseon
tray3, while thetemperatureon tray9 doesnot level out. Thechangein holdupsis shown in
FigureB.27. For approximately34 s afterthestepchangeis theaccumulatorlevel constant
while the reboilerholdupdecreasesby 160 ml, this amountof liquid is storedinside the
column. The increasedpressuredrop increasesthe downcomerbackup,suchthat liquid is
stored.At Ò#ÓÔ� _ r b thevelocityof holdupchangeis equalin reboilerandaccumulatorwith
avalueof approximately2.0ml/s.

Theinitial changein thegradientof thereboilerlevel (seeFigureB.27,approximately10
s after thestepchange)indicatesthat liquid is pushedfrom thetraysin thestrippersection.
At ÒÕÓ
��� _�b thegradientis changeda secondtime, indicatingthatliquid is pushedfrom the
traysof the rectifying section.This wave reachesthe reboiler(countingfrom the time the
reboilerlevel startsto change)approximately30s aftertheinitial decreasein reboilerlevel.

Thetotal lag betweenincreasein reboilerheatduty (electricallyheated)andincreasein
accumulatorlevel consistsof thedynamicof theheatingelement,vaportransportthroughthe
column,dynamicof condensationin thecondenseranda transportdelaydueto thepiping
connectingcondenserandaccumulator.
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FigureB.26: Experiment6 , responseof tem-
peratureon tray 9 (- -) andtray3 (-) to astep
in reboiler heat input tcÆ from 6.45 kJ/s to
8.03kJ/sat time t = 86s
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FigureB.27: Experiment6 , responseof re-
boiler (-) andcondenserlevel (- -) to astepin
reboilerheatinput tvÆ from 6.45kJ/sto 8.03
kJ/sat time t = 86s

B.1.5 Estimation of the tray holdup fr om initial temperature response

Theestimationof theliquid holdupon a stagein a distillation columncanbeperformedby
measuringtheinitial temperatureresponseto astepchangein reflux Ö×Ç or vaporflow ÖÙØ .

Assumptions
The following assumptionarenecessaryto developa simplemodelof a stageddistillation
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column.

OP1 thermalandmechanicalequilibrium

OP2 vaporholdupis negligible

OP3 constantmolarliquid holdup Ú
OP4 equimolarflows (simplified/neglected

energy balance)

OP5 thelocalslopeof thevapor-liquid equi-
librium curve is ÛÝÜ�ÞißàÜYá[âzÜ . Sincethe
hereinvestigatedsystemis fairly ideal
we assumeconstantrelative volatility
(seeFigureB.28):

ãåä�æ Þ ÛÝÜ�ç-è4éêâzÜìë
âzÜ�ç«è4é�Û1Ü¸ë (B.12)

suchthat thevaporcompositionis ex-
pressedby:

ÛÝÜ�Þ ã áMâzÜ
âzÜyáç ã éíè~ëîéïè (B.13)

For a small compositioninterval we
definea localVLE, by:

Û1ÜÌÞfßÙðyñ1ò�ó Ü|áMâzÜ (B.14)

OP6 A third order function relating the
stagetemperatureto liquid composi-
tion canbechosento achieveasuitable
fit of theexperimentaldata.

ô Ü�Þ`è�èEõ�ö�÷�éøõ�ùYöOúháMâzÜYûüúg÷�öOýháMâ æÜ öþö�ö(B.15)
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Figure B.28: Vapor-liquid equilibrium at 1
bar, assumingconstantrelativevolatility withã Þ � ö�ý , (GmehlingandOnken,1977)
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Figure B.29: xT -diagramfor ethanoland
butanol at � Þ è����	� (Gmehling and
Onken,1977)

For smallercompositionintervalsapiecewiselinearrelationbetweenliquid composition
andtemperature,âzÜ�
 ô Ü canbeassumed(seeFigureB.29).

ô ÜÌÞiß��ó ÜzáMâzÜ (B.16)
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Further, the local slopeof the composition/temperaturerelationis assumedto be identical
for stagesnext to eachother.

OP7 neglectheatlosses

Stagemodel
The modelof a stageconsistsof a materialbalanceanda descriptionof the vapor liquid
equilibrium. Froma massbalanceover a stageit will bepossibleto estimatetheliquid tray
holdupunderconsiderationof OP2.� Ú Ü�� ��� Þ��åÜ�� ä é��åÜ|û��zÜ�� ä é��|Ü (B.17)

Thematerialbalanceoverastage,considerOP3andOP4,becomes

Ú � âzÜ�� ��� Þ��*Üyáç âzÜ�� ä é âzÜ�ë�û��|Ü�áç�ÛÝÜ � ä é�Û1Ü¸ë (B.18)

For a stepchangein �*Ü and �zÜ the internalflows are �åÜ�Þ!�#"Ü ûTÖ$� and �|Ü�Þ%�&"Ü ûfÖ'� .
Subtractthe steadystatesolution from Eq. B.18 andconsiderthe time immediatelyafter
the stepchangewhen the tray compositionstill is unchanged.This yields the following
relationshipfor theinitial slopeasa functionof Ö$� and Ö'� :

Ú á
( � Ö âzÜ���*) Ü,+[Ü,- Þ Ö$�*Üyáç â "Ü�� ä é â "Ü ë�ûüÖ'�|Ü-ç�Û "Ü � ä é�Û "Ü ë (B.19)

Apply assumptionsOP5andOP6andrearrangeEq. B.19

Ú Ü
ß$�ó Ü á ( � Ö ô Ü���.) Ü,+[Ü,- Þ Ö$�*Üyá è

ß��ó Ü á ç ô "Ü/� ä é ô "Ü ë�ûTö�öþö (B.20)

Ö'�|Ü ß ð1ó Üß$�ó Ü áç ô "Ü � ä é ô "Ü ë
From Eq.(B.21)it is possibleto estimatethe molar holdup Ú Ü on a stagefrom observing
the initial slopeof the tray temperatureto changesin reflux or boilup. Computethe stage
holdupfrom the linear expressionEq. B.21 requiresknowledgeof the local correlationof
Û1Ü�Þ10åçìâzÜ ë and

ô Ü�Þ20åçìâzÜ ë for eachstageinvestigated,suchthatane.g. tablelookupfor the
vapor-liquid equilibriumis necessary. Determinationof K canbeperformedfrom:3 from theinitial temperaturemeasurementson thetraywedeterminetheliquid compo-

sition (seeEq. B.16)3 from theliquid compositionwecomputethevaporcomposition(seeEq. B.13)3 finally ß is determinedfrom Eq. B.14

B.1.6 Resultstray holdup estimation

Basedon the above presentedestimationprocedurethe tray holdupof trays3 and9 in the
distillationcolumnis computed,theresultsaresummarizedin TableB.5
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TableB.5: Holdupon traysestimatedfrom temperatureresponses.Experimentalconditions
of experiments1 to 7 convertedto molarbasis.(seeTablesB.2 andB.4)
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Remark:` äba
Theseproductcompositionsarechosento beat thenominaloperationpointof thecolumn.

Thecompositionsof theproductflowswasnotanalyzed.Theuncertaincompositionwill give
someuncertaintyin themolar liquid andvaporflowsin thecolumn.` æca

Initial temperaturegradientcouldnotbedeterminedfromtherecordeddata.` � a Initial temperature gradientswere ratherdifficult to measure, dueto extensivenoiseon
themeasurements,anerror will betransferredto theholdupestimation.
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Remarkson the estimation procedure
The methodof estimatingthe stageholdupfrom the initial temperatureresponserelys on
thequality of thetemperaturemeasurement.Thegradienton theinitial response,

� ô Ü�� ���
, is

stronglyinfluencedby thenoiselevel on thesignal,furthertheinitial gradientis determined
by graphicalmeansfrom therecordedresponse.

During theestimationa numberof assumptionsweremade:

3 Neglecting the vaporholdup[OP2] in the columnwill not influencethe estimation,
sincethevaporholdupin thehereconsideredcolumnwill beconsiderablylower than
5 % of theliquid holdup.

3 AssumptionOP3andOP4haveto beseenwith respectto theexperimentalprocedure.
We assumethat the liquid and vaporflow enteringthe column is steppedfrom it’ s
initial valueto it’ sfinal value.Becauseof theavailableequipment,anextensivechange
in amanipulatedvariablewill resultin arampof themanipulatedvariableto thecontrol
signal.

Further, we assumethat the introducedstepis transferedthroughthe entirecolumn
asa stepchange.Theintroducedstepwill enterthefirst stagewhich is (composition
dynamicsconsidered)a mixing tank, thussomecompositiondynamicswill be intro-
duced.Sinceall thestageshaveanidenticaldesign,an d - e -ordercompositionresponse
will beseenon thestageon theoppositesideof thecolumncomparedwerethestepis
introduced.Thehydraulictime constantof thecolumnis muchshorterthanthecom-
positiondynamics,thuswe assumethat the introducedstepchangeis travelling asa
stepchangethroughtthecolumn.

3 Theconstantmolarholdupassumption[OP3] on thestagewill bereasonablecorrect
for liquid flow changes.An increasedliquid flow will increasethe heightof liquid
above weir which will leadto a marginal changeof the tray holdup. The hydraulic
time constantof a stageis measuredto be in the rangeof 1.5 seconds(seeTable
B.2 andB.4), considerablyshorterthanthecompositiontimeconstant,thustheliquid
hydraulicis negelectedandconstantmolarholdupin thecolumnis assumed.

Theflows enteringandleaving the reboileraresketchedin FigureB.30. Rademaker
(1975) assumesthat the temporaryliquid flow changeis causedby liquid which is
pushedfrom thetrays.Initially theinternalreflux flow is reduced(dashedline in Fig-
ureB.30,markedwith �gf ) until thedowncomerbackupandthepressuredropbetween
stagesbalanceagain,thantheliquid flow increases.Initially thereboilerholdupshould
decrease(dueto morevaporleaving thereboilerandlessliquid enters),thanincreases
whenthe by vaporbubblesreplacedliquid from thestagesreachesthe reboiler. The
holdupon thesieve tray will bereduced,sincethehighervaporflow reducesthefroth
densityonthestages.Thefirst increasein �hf is causedby liquid pushedfrom thesieve
traysof thestrippersection,while thesecondincreasecorrespondsto liquid replaced
in therectifiersection.
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FigureB.30: Flow enteringandleaving thereboilerfor anincreasein vaporflow, assuming
thatliquid is pushedfrom thestages

3 Theassumptionsmadeconcerningthevapor-liquid equilibrium(recallOP5)is fairly
correctfor the systemethanol-butanol,suchthat ß Þ Û1Ü��EâzÜ canbe interferedfrom
the liquid composition. The slopeof the equilibrium curve for trays next to each
other is shown in Table B.6 for experiments1 and 3. The ratio of vapor to liquid
composition,ßàÜ�Þ�ÛÝÜ��ÝâzÜ , is changingby ij�k	l from stages3 and9 to the adjacent
stages,respectively.

TableB.6: Slopeof equilibriumcurve,estimatedfrom temperatureprofile

Tray2 Tray3 Tray4
Exp. 1 K 4.2264 3.9670 3.5204
Exp. 3 K 4.0747 3.7408 3.2171

Tray8 Tray9 Tray10
Exp. 1 K 1.6668 1.3366 1.1378
Exp. 3 K 1.5632 1.2693 1.1001

Nevertheless,evenif therearesomeshortcomingsof theproposedmethod,theestima-
tion of the liquid holdupon the stagesis possibleandgive a rathergoodindicationof the
liquid distributionbetweenrectifyingandstrippingsection.

B.2 Experiments to obtain the hydraulic time constant

B.2.1 Results

Theliquid andvaporhydraulicis investigatedby recordingstepresponsesof themanipulated
variablesreboilerheatinput andvolumetricreflux flow. Theinfluenceof variationof liquid
densityon the stagesandheatof vaporizationin the reboilerwasminizedby distilling a
mixtureof mOn�Þok�öqpg÷ ethanol/butanol. Thepositionof theproductvalve is fixedby setting
thedistillateandbottomproductflow controllersto manual.Ratherextensive stepchanges
areperformedto visualizetheresponseof reboilerandaccumulatorlevel.
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The columnis operatedopen-loopsuchthat the reflux pumppositionandthe reboiler
heatinput aresetmanually. Theconditionsfor experiments8 to 10, further the time when
the manipulatedvariableis changedand the measureddelaysare presentedin TableB.7.
Theperformedexperimentsincludethe increaseanddecreaseof themanipulatedvariables
reboilerheatinput andvolumetricreflux.

TableB.7: Experimentalconditionsof experiments8 to 10, stepsin reboilerheatinput rts
andrefluxflow � andtheexperimentaldetermineddelays

Exp. 8 Exp. 9 Exp. 10u vxw�yzv|{~}
250 250 350��� vx�zw�yzv��zw
0.95 0.95 0.95� � ��� 77.0 77.0 77.0�	� ��� 78.0 78.5 78.0

stepin � � �#�
stepat � 284 645 1489
resetat � 446 860 1550��� vxw�yzv|{~}

481.2 472.3 472.3� � vxw�yzv|{~}
+ 89.5 -89.4 0�g�	� ��� y � 6.0 6.0 6.0� �g� ��� y � 0 0 +1.5

initial step�����
s 5.0 4.0 20.3� ���
s 24.9 34.1 4.4� ���
s 19.9 30.1 15.9� � s 1.81 2.74 *

returnstep�����
s 5.4 3.0 25.3� ���
s 51.0 49.6 4.0� �
s 45.6 46.6 21.3� � s 4.15 4.24 *

* Notpossibleto determine� ��� � ��� yc�g 
with

�g 
asthenumberof stages

The magnitudeof the reflux stepsis identical for experiment8 and9 which wereper-
formedform approximatelythesameoperationpoint, but in oppositedirections.In Figures
B.31andB.32we presenttheresponsesof thereboilerandaccumulatorlevel to changesin
reflux flow. (Notethatrefluxandboiluparescaledto fit into FigureB.31to B.33)

Thedelayof theaccumulatorlevel to thechangein thecontrolsignalto thereflux pump
is plotted in e.g. Figure B.31. The measuredtime delays,presentedin Table B.7 differ
considerablyfor experiments8 and9 for the initial reflux flow change.Thedelaybetween
controlsignalchangeto thereflux pumpandtheresponseof theaccumulatorlevel is in the
orderof 5 secondsfor anincreaseor decreaseof thesignal.Thesefivesecondsarecausedby
processingin thecontrolandhardwareunit (processingtime of thecomputer, thedynamics
of thereflux pump,a reciprocatingmeteringpump,andthe level sensor, dp-cell). Thestep
signalfrom thecontrol systemto thereflux pumpis transformedto a rampwith a gradient
of 17 ml/schange,suchthatthestepchangeof approximately90 ml is completedafter6 s.
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The ratherextensive delay from the initial changeof reflux until the reboiler level re-
spondsis causedby the combinedeffects of actuatordynamicsand the liquid hydraulics
of the sieve trays. From experiment8 we estimatethe averagehydraulic time constant¡£¢ Þ Ö$¤ ¢ �£¥t- to be in the rangeof ¡¦¢¨§ j�öOù	© for the increasein reflux flow, we estimated
theactualchangein accumulatorlevel until thereboilerlevel changes,denotedÖ'¤ .

For thedecreasein reflux(experiment9) fromasteadystateoperationpointwedetermine
a liquid delayover thecolumnof Ö'¤ ¢ Þ ý�k	© whichcorrespondsto ahydraulictimeconstant
of ¡¦¢�§ ÿ�ö�õ�© . FromFigureB.31,B.32andTableB.7 weseethatthedelayfor theresetof the
refluxflow is between15and25secondslargerthanfor theincrease.Thiserroris causedby
liquid which is still traveling downwardsthroughthecolumnafter thereflux is reset.Thus
we, conjecturethat the most reliable methodto estimatedthe hydraulic time constantby
meansof experimentis theincreasein refluxflow, at constantreboilerheatsupply.
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FigureB.31: Experiment8, responseof re-
boiler (-) andaccumulator(- -) level to anin-
creasein refluxflow (-.-) from 481ml/min to
570ml/min at time t = 284s
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FigureB.32: Experiment9, responseof re-
boiler level to andecreasein refluxflow from
472ml/min to 383ml/min at time t = 645s

Experiment(Exp. 10) wasperformedto investigatetheactionof an increasein reboiler
heatinput on the bottomlevel andaccumulatorlevel (seeFigureB.33). The reboilerheat
input is steppedfrom rts ÞÔú	ª�«¬��© to rts Þ{õ�ö�÷�ª�«¬��© at time t = 1489s. The time elapsing
fromtheincreaseof heatinputuntil thereboilerlevel is changingis approximately4.5s. This
delayis causedby thedynamicsof theheatingelementandsomedelaydueto transmission
of thedatainsidethecontrolsystem.Thelagbetweenthedecreasein reboilerlevel until the
accumulatorlevel is changingis approximately15.9s for an increasein rtf and21.3s for
thecasewerethereboilerheatinput is returnedto its initial value.Theincreaseof theheat
input by 25 % doesnot initiate a temporaryincreasein liquid flow throughthecolumndue
to pushingliquid from thesievetrays.

Thelevelof theaccumulatorincreases(dashedline in FigureB.33)evenafterthereboiler
heatsupplyis decreasedto it’ s initial value.This is dueto vaporenteringthecondenserafter
thereboilereffect is resetandthelag introducedthroughthepiping betweencondenserand
accumulator. Thecondenseris placedon top of thecolumnwhile theaccumulatoris placed
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on thefloor neartherefluxpump.Themeasureddelaysfor increaseanddecreasein reboiler
effect on the levelsof accumulatorandreboilerarerathersimilar. Thedelayfor thevapor
transportfrom reboilerthroughcolumn,condenserandpiping to accumulatoris measured
to be in the orderof 17 s. Nevertheless,we do not have any possibility to distinguishthe
contributionof eachsingledelayto themeasuredtotal delay.

Resetthereboilerduty to theinitial value
at t = 1554 s results in an increaseof the
reboiler holdup, which is causedby liquid
returnedfrom the column(seeFigureB.33,
at

�* jE÷�÷®k	© ). The increaseof the liq-
uid holdup is delayedby 5 s and liquid is
dumpedinto the reboiler for approximately
22 s. That is, it takes 22 secondsuntil
the excessliquid storedon tray 11 to reach
the reboiler. This correspondsto an aver-
agehydraulictime constantfor liquid of ap-
proximately 2 s for eachstage. This time
constantcorrespondswell with thehydraulic
time constantestimatedfrom Exp. 8 and9
weretherefluxflow is reducedor resetto it’ s
initial value.
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FigureB.33: Experiment10, responseof re-
boiler (-) andaccumulator(- -) level to anin-
creasein reboilerheatinputfrom 6 kJ/sto 7.5
kJ/sat time t = 1489s

Thereducedheatinputreducesthevaporflow throughthecolumn,whichin turndecrease
the differentialpressuredrop. The reduceddifferentialpressuredrop over a stagereduces
theamountof liquid storedin thecolumn.An opposingeffect causedby thereducedvapor
flow is an increasein froth densityon the tray suchthat the liquid holdupincreases.From
this typeof experimentwecannotestimateexactlyweretheliquid is comingfrom. Someof
theliquid hasto dedrainedfrom thedowncomerholdup.

B.2.2 Discussion

We find a significantdifferencebetweentheexperimentswherewe increasethereflux flow
from astationaryoperationpoint to experimentsweree.g. therefluxflow is resetto its orig-
inal value. Thesedifferenceis causedby liquid flowing downwards. The experimentsto
investigatethecolumnhydraulichave to beperformedfrom steadystatecondition(compo-
sitionandinternal/externalflows)with anincreasein reflux. Theexperimentswerethereflux
is decreasedgiveonly limited informationto determinethehydraulictimeconstant.Thelag
for anincreasein reflux is abouthalf thetimemeasuredfor adecrease.
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B.3 Experimental determination of the residencetime

Theresidencetime of a columnis approximatedby ¡£¯ ó ¯ " ¢�§ ¤ ¯ , this approximationis valid
for longcolumnwherewecanassumeaplugflow likepropagationof aheavy tracerthrough
thecolumn. We define ¤ ¯ to bethemostextensive deviation in temperatureon stage1 with
referanceto the injection of tracer. Approximatethe residencetime ¡£¯ ó ¯ " ¢ by ¤ ¯ allows us
to computethe volumetric liquid holdupof the column ��° " ¢ from ¤ ¯±§²¡£¯ ó ¯ " ¢ Þ³��° " ¢ �®� .
Notewe usethenominalreflux flow � to thecolumn,sincethe injectedtracervolumewill
increasetheliquid flow throughthecolumnonly temporarily.

Theinitial decreasein traytemperatureis causedby liquid which is replacedonthestage
above by the wave of liquid traveling throughthe column(seeFigureB.36). This initial
temperaturereductionwill correspondto theliquid hydraulictime constant.On moststages
thereductionin temperatureis ratherlimited, sincethecompositionson stagesnearto each
otheraresimilar. The hydraulic time constant¡¦¢ canbe estimatedratheraccuratelyfrom¡£¢ Þ´¤~ð�µ¶�£¥·- where ¤~ð�µ denotesthetime delayfrom tracerinjectionuntil thereboilerlevel
increasesand ¥t- is the numberof trays. ¤~ð�µ denotesthe transportdelayfrom the time of
injection(initial temperaturechangeontopstage)until thereboilerholdup ��f increases.The
residencetime of theaccumulatorandreboilerarecomputedfrom ¡¦¯ Þ¸�zÜ���� . Thetransport
delaythroughthepipeconnectingaccumulator, refluxpumpandtheuppermosttrayaswell
ascolumnbottomto reboileris ¤Mñ ó ¹�Ü ¹:ºåÞ�»q¹QÜ¼¹�ºîá�½¾¹QÜ¼¹�º¿�®� .

B.3.1 Experimental procedure of tracer injection experiments

Theresidencetime is investigatedby operatingadistillationcolumnat total reflux. Themix-
tureinitially fedto thecolumnwasethanolandbutanolwith acompositionof approximatelymOníÞÀkYöÁpg÷ . The initial holdupof theaccumulatorandreboiler(after total reflux operation
is established)is ��Â Þ*kYöÁpg÷t»cÃQÚÄÂ ÞÅjE÷�öÁk �&ÆÈÇ » and ��füÞ}ÿ�öOùg÷&»ÉÃ�ÚÊfïÞ{ý�pYöOý�p ÆÈÇ » . The
columnis operatedsuchthat the reflux is adjustedto matchthe condensedvaporflow and
keeptheaccumulatorlevel constant.On tray 11 (theuppermosttray) purebutanolwith a
temperatureof 20" C is injectedandthetemperatureresponsesondifferenttraysto thispulse
is recorded.The comparisonof the recordeddatais simplifiedby plotting the temperature
deviationson thestagescausedby theinjectedtracer.

B.3.2 Results

Theconditionsfor experiments11 to 13 arepresentedin TableB.8, further thetimeswhen
thetracerreachesthetraysaresummarized.Thetimetagsindicatingwhenthetracerreaches
the individual stagesaredeterminedgraphicallyfrom the recordeddataset. The time the
tracerreachesa stageis definedasthetime whenthetray temperatureincreases. Theinitial
temperaturedecreaseis causedby liquid replacedon the stageabove by the liquid wave
travelingdownwards.

Theamountof tracer(butanol)injectedis 200ml (2.10mol) in approximately5 s. The
butanolis injectedontothestageby meansof a syringethrougha fitting of thetop pressure
sensor. Sincetheinjectedliquid flows down thewall of thetop stage,instantaneousmixing
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of theliquid on thetray andtheinjectedliquid will not occur. Theenergy neededto heatup
the liquid is takenfrom thecondensationof vapor, which canbeseenby inspectingFigure
B.35,wheretheaccumulatorlevel decreasesdueto condensationof vaporon stage11. The
experimentsareperformedwith constantheatinput to reboilerandvolumetricreflux flow,
suchthatthereductionin accumulatorholduphasto becausedby thecondensationof some
vaporon stage11.

Table B.8: Experimentalconditionsof experiments11 to 13, measuredtime delaysand
computedtransportdelays

Exp. 11 Exp. 12 Exp. 13�	� �c� 78.0 77.0 77.0
pulseat � 75 94 255� vxw�y�v�{~}

472 588 705� vx�zw�y � 0.125 0.155 0.186�hË� ��� y � 6.0 7.5 9.0Ì Ë vx�zw�y � 0.145 0.181 0.218��Í
mbar 29.82 32.96 47.08�zÎzÏ�Ï

s 0.0 0.0 0.0� Î Ï � s 10.0 10.0 11.0� Î¿Ð
s 16.5 16.75 17.5�zÎ¿Ñ
s 21.5 20.0 22.5� Î�Ò
s 35.0 33.0 28.0�zÎ¿Ó
s 57.0 49.0 41.0� Î¿Ô
s 80.0 67.0 58.0� ÎÖÕ
s 108.0 86.0 76.0� Î¿×
s 137.0 103.0 95.0� Î¿Ø
s 164.0 127.0 112.0�zÎzÏ
s 192.0 154.0 135.0� Î�Ù£Ú�Û
s 315.0 247.0 229.0�:ÜÖ�
s 9.7 10.8 13.3� Ü¿�
s 19.5 18.0 19.0� � s 1.77 1.66 1.73�ÖÝbÞ Ü¿� s 120.8 96.9 80.85� � Þ ßáàcâãàÖä s 38.3 30.8 25.7�¿ÝbÞ Ü � s 362.3 290.8 242.5� � Þ � à�âãàÖä s 27.95 22.44 18.71� Ý s 330.0 252.0 235.0Ì®å � � l 2.59 2.47 2.76Ì�æ  èçêé ä ëÖì�í�î l 236 224 251

* estimatedfromcontrol signal

Experiment 11
The distillation column is operatedat total reflux, the initial temperatureprofile over the
columnshows a temperatureof ù�k "�ï on stage1 decreasingto õ�ù�öW÷ "¿ï on stage11. Figure
B.34 shows thepropagationof butanolfrom theuppermoststage11 to the loweststageof
thecolumn,stage1, overa time interval of approximately700secondsaftertracerinjection
(butanol).
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CompareFigureB.34andB.35 we seethat theliquid hydraulicsof thecolumnis much
fasterthanthe compositiondynamic,the reboilerlevel changesapproximately19.5s after
injection,while thetemperatureresponseon tray1 reachesits maximumapproximately120
s later(Note,thedifferenttime scales).Theconstantreboilerlevel (at

�� jE÷®k&© ) indicates
thatall excessliquid (theinjectedamount)hasreachedthereboilerandthestageholdupare
stable.

The“second”increasein stagetemperatureof stage11(in theinterval ÿ�k�kð©&ñ � ñTý�÷�kò© )
is dueto butanolwhichwascarriedoverto thecondenserandis returnedto thecolumn.The
combinedresidencetime in theaccumulatorandthetransportdelaythroughthereturnpipe
is approximately140s. This correspondswell to thetime betweeninjectionof butanoland
thesecondincreasein temperatureon tray 11 (seeFigureB.36).
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FigureB.34: Experiment11,temperaturede-
viations from averageafter injection of bu-
tanolon tray 11at time t = 75s
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Figure B.35: Experiment11, changein re-
boiler andaccumulatorholdup

Thechangein holdupof reboilerandac-
cumulator is shown in Figure B.35. The
reboiler level increasesafter approximately
19.5swhichgiveanestimatedhydraulictime
constantof ¡¦¢ Þó¤~ð�µô�£¥t- § j�öWõ�õ±© per tray
for this experiment(traveling over ¥·� Þ%j�j
trays and downcomer). The delay for the
changein accumulatorlevel is the order of
10 secondswhich is dueto thedelaycaused
by thecondenserdynamicsandthetransport
delaythroughthepiping betweencondenser
andaccumulator.

FigureB.36is amagnifiedversionof Fig-
ure B.34 and shows the injectedpulseof a
heavy tracer (butanol) and the temperature
responsesof stages6 to 11. From Figure
B.36 we seea reductionin temperaturedi-
rectly after the injection of butanol. The re-
duction in temperatureis causedby liquid
which is pushedfrom the stagesabove with
aslightly lowertemperature.Thedecreasein
temperatureis temporaryand the initial de-
creasecorrespondsto thehydrauliclagof the
stages. The temperaturedecreaseon stage
1 is approximately17 secondsafter the in-
jection of butanol, which correspondsto a
hydraulic lag of 1.7 seconds. This corre-
spondswell to the hydraulic lag determined
from thereboilerlevel responseto thetracer
pulse.Thereductionof temperatureon stage
10 startsalmostimmediatelyafter the injec-
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tion. Thisreductionis causedby theinjection
of 200 ml liquid (total tray volum in the or-
derof 230ml) andthecondensationof vapor,
suchthat weepingfrom tray 11 to 10 is ex-
pected.The initial andfinal bottomcompo-
sition are estimatedfrom measuredtemper-
aturesin reboilerandtray 1. The initial re-
boiler temperatureis ù�ýYö�õ � " ï , which corre-
spondsto a liquid compositionof â�f Þ�kYöWõ1ú ,
similar the compositionon stage1 is deter-
mined to â ä Þ kYöÁpgÿ . The changein re-
boiler compositioncanbecomputedfrom an
ethanolbalancein thereboiler.Ú ò¬-¸ó f�õ -èö �É÷É÷ Þ�Ú ò¬-¸ó f�õ -èö¬øêù�ûcÚ Ü,+�ú (B.21)

The amount Ú Ü,+zú is estimatedfrom the vol-
umeof butanolinjectedandthecomposition
on stage1. The molarholdup Ú ò¬-¸ó f canbe
computedfrom thevolumetricholdup
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FigureB.36: Experiment11,temperaturede-
viation on stages6 to 11

ûÊü -~ý fÿþ�� � ��fû�� (B.22)

assumeconstantdensitiesonstage11andreboilerto simplify thecomputationandrearrang-
ing theequationgive

� f�� �
	���� þ ��� µ������ ��� � µ������ ���� ����� � � õ !èö¬øêù#" � � ���%$ � �'&��� & � õ !èö¬øêù� � µ��� µ(� õ !èö*) ÷É÷ (B.23)

Theinitial reboilervolumeis +-, þ/.103254ð» . Theentireinjectedvolumeof 200ml (notewe
addliquid onstage1) hasreachedthereboilerat t = 300s,suchthatthereboilercomposition
increasesto � , õ !èö*) ÷É÷ þ7680:9;9 . Comparethis to thecompositionestimatedfrom thetempera-
turemeasurement,thetemperatureof thereboilerat t = 300s is <=, õ !èö*) ÷É÷ þ>25?8034;?;@ ï which
correspondsto anestimatedcompositionof � , þA680:9CB5D . Note,weasssumethatethanolrich
liquid is replacedon tray 1, thebutanolrich liquid hasnot reachedtray1 yet.

At t = 700thetemperatureis constantin thereboiler, we cannow computethereboiler
compositionby exchanging200ml of ethanolwith butanolsuchthatthefinal reboilercom-
positionis � ,FE !HG�IKJLJ:þM68039CN5N . The compositionestimatedfrom the reboilertemperatureis� ,/E !HG�IKJLJ:þF68039CNO. . Fromthecomputedchangesin reboilercompositionwe canseethat the
liquid which entersthereboilerin thetime interval D56QPSR7TURWVX4;65P is mainly liquid which
is replacedonstage1 (seeFigureB.35).

Thegradualincreasein reboilertemperaturefrom T�YZNQ656[P is dueto thereplacement
of ethanolby butanolin thereboilerby thedistillation process.Most of theheavier butanol
hasreachedthe reboilerat t = 650s, sincefrom this time on the temperatureon stage1 is
constantandhasalmostreturnedto is initial value.Thetemperatureoffseton thefirst stage
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is dueto theslightly changedcompositionof thereboiler, suchthatthevaporenteringstage
1 hasahigherbutanolconcentrationthantheinitial.

Experiment12 and13 presentedin FiguresB.37 to B.40 arerepetitionsof Experiment
11atdifferentoperationpoints.Thetemperatureresponseson thetraysaresimilar in shape,
neverthelessthepeakof theresponsesis movedonthetimeaxisdueto slightly differenttray
holdups,internalvaporandliquid flows.

Experiment 12
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FigureB.37: Experiment12,temperaturede-
viations from averageafter injection of bu-
tanolon tray 11at time t = 94s
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Figure B.38: Experiment12, changein re-
boiler andaccumulatorholdupdueto thein-
jectionof butanolon tray 11

Experiment 13
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FigureB.39: Experiment13,temperaturede-
viations from averageafter injection of bu-
tanolon tray 11at time t = 255s
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Figure B.40: Experiment13, changein re-
boiler andaccumulatorholdupdueto thein-
jectionof butanolon tray 11
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B.3.3 Discussionof experimental procedure

Thedeterminationof themovementof thetracerwavewill beinfluencedby theevaporation
of someheavy tracerwhich will be “recycled” betweenstagessuchthat we do not have
a constantamountof tracermoving throughthe column. This recycling of tracerbetween
stageswill addto theeffectof themixing on theplatewhich transfomthepulseto anormal
distributionshapedwave. Theassumptionof a tracerplugflow is somewhatquestionableas
we move furtherdown thecolumn. This is further indicatedby the increasedtailing of the
responseasthedistanceto thepoint of injectionincreases.Thegradualchangefrom apulse
input to theuppermoststageto a higherorderliquid flow andcompositionresponseon the
stagesfurther down the columncanbe seenfrom FigureB.43. Further, recycling of some
butanol throughthe condenser/accumulatorunit canbe seenfrom the secondtemperature
increaseon stage11.

Dif ferentoperationpointswereinvestigatedandthemanipulatedvariables(reboilerheat
input andreflux flow) have a similar effect on the residencetime, \^] , on the stages.The
increasein refluxflow reducetheresidencetime ( \_]a`A+cbd!fe�g�h�i;j ) of eachstage.Theincrease
in vaporflow (equivalentto anincreasein heatsupply)will decreasethefroth density k on
thesieve tray, furtherthedowncomerbackupwill increasedueto anincreasein differential
pressuredropover thestage.Which oneof thesetwo effectsis thedominating(decreasein
froth densityor increasein downcomerbackup)is ratherdifficult to determine.

B.3.4 Modeling of tracer experiment

Modelingof tracerexperimentscanbeperformedby two differentmodels,aseriesof mixing
tankandasimpledistillationmodel.Themostsimplemethodis to assumethatthestagesin
adistillationcolumnaremodeledascontinuousstirredtankswith a liquid flow enteringand
leaving. Theliquid hydraulicis approximatedby a first orderresponsefrom liquid entering
to the liquid leaving a stage.Thesecondmodelwill includethevaporflow in thecolumn.
This will introducesomerecycling of heavy componentfrom the stagebelow. The stage
is modeledsuchthat completemixing in the liquid phaseis assumed,the vaporphaseis
neglected.Thevapor-liquid equilibriumis describedby theassumptionof constantrelative
volatility andconstantmolar flows areassumed.Further, the liquid holdupcanbe divided
into tray anddowncomer, we assumethatonly the liquid on thetray is in equilibriumwith
the vapor leaving the stage. The downcomerholdup is modeledasa mixing tank. In the
forth modelmodelwe includea constantholdupmixing tank in front of thefirst tray. The
remainderof themodelis identicalto themodelwith two holdups.

Experiment11 is chosenasexampleto validatethedifferentmodelsagainsttheexperi-
mentaldata.Thesimulationsareperformedin Matlab,with theoperationalparameterslisted
in TableB.9. Notethatthetotal refluxoperationandtheassumptionof constantmolarflows
resultin slightly differentmolarflows in experimentandsimulation.Thesimulationresults
presentedareperformedwith theinput valuesof Experiment11, thoseare:

Feedflow l7`A6nmpoqiCmsr%t
Reboilerheatinput uv,w`ABUxcy-i5P
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Externalreflux j{z|`/45954}mpoqiCmsr~t
Initial refluxcomposition �c��� �:�_� ! � e��c`A680�D5D5D;D
relativevolatility coefficient ��`AN803?
Note: the reflux of the experimentalsystemwassubcooled,to balancethe vaporflow and
molar liquid flows of thesimulationwe adjustedthe molar liquid flow (estimatedfrom re-
boiler heatinput, heatlossesarenegelected).The initial compositionis � `�680�DQ4 andthe
initial holdupis chosento ��,�`FNO4vmp��o and � � `�VX4�mp��o for reboilerandaccumulator,
respectively, whichcorrespondsto ��,�`/.10�2Q9no and � � `A6103D;NQ9�o .

TableB.9: Initial operationalparametersfor simulationof Matlabmodelsat T�`�9;4O�cP
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 tanks in series
The distillation columnis modeledasa seriesof mixing tanksfor the tracerexperiments.
Approximatea distillation processby mixing tanks in seriesimplies that we neglect the
vapor liquid equilibrium on the stagesand the vaporflow upwards,sincewe do not have
countercurrentflows we canomit to modeltheaccumulator. Theseassumptionsremove the
“feedback”of the vaporcompositionfrom tray lower thanthe oneobserved. The bottom
productflow is thesumof externalreflux flow, feedflow andinjectedtracer. For simplicity
wepresentonly thematerialbalanceoverthefeedtray, which is modeledwith thefollowing
setof equations.Theliquid flow leaving thetray:

\_�(� j �� T `/j �f��� "�lA��j � (B.24)

themassbalanceover thestage � � �� T `Aj �f��� ��j � "�l (B.25)

componentbalance: � � � ���� T `/j �f��������� � � � ����� "�l �~�'� � ���d� (B.26)



B.3. Experimental determination of the residencetime 189

Thereboiler:

� ��,� T `�j � � � l ��j¢¡ � (B.27)

��,�� � ,� T `�j �£�d�=� � � , � (B.28)

The responsesof the stagetemperatures
when butanol is injected into the “reflux”
flow to the first stage(CSTR)is shown in
Figure B.41. The “temperaturewave” on
the stageshow the propagationof butanol
through the sequenceof tanks (seeFigure
B.41). The time axis is similar to the ex-
perimentaldatapresentedin FigureB.34 for
the trays 1 to 9. In Figure B.42 we show
the temperatureresponsesof stages8 to 11.
The responseon tray 11 is characteristicfor
a first order systemwhich is subjectedto a
pulseshapedinput and doesnot match the
responseof stage11 shown in Figure B.34
(top). A hydraulic time constantof 2 s is
includedto accountfor thedelayintroduced
throughthe stagedesignon the liquid flow.
Theinjectionof 40 ml/s butanoladditionally
to the initial reflux flow of j¤` D8034;2;mpoqi5P
give a rather extensive changeof the tray
composition. In Figure B.43 the composi-
tion responseof stages8 to 11 is shown. In
the CSTRmodelwe assume¥ `�6 (that is
no vapor liquid equilibrium), but as shown
in FigureB.43, the ratherextensive compo-
sition changeon the trays questionthis ap-
proach(compareFiguresB.34andB.41).

Singleholdup model
Theresidencetime on the traysof a distilla-
tion columnis investigated.Themodelused
for the simulationconsistsof 11 trays plus
accumulatorand reboiler. The simulation
was performedwith a averagecomposition
of � ` 680�D5D throughoutthe column. The
following assumptionswheremade:
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Figure B.41: Temperatureresponsesof the
CSTR-model
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190 B. Obtain operational parametersof a distillation column¦ vaporphaseon thestagesis neglected¦ equimolarvaporandliquid flows (neglectenergy balance)¦ constantrelativevolatility � �q§¦ constantdensityof theliquid phase¦ liquid flow leaving a stageis dependenton theflow enteringthestage,modeledasa
first orderprocess¦ total condenserandaccumulatoraremodeledasoneunit¦ reboilermodeledasa theoreticalstage

Themodelis implementedin MATLAB asasetof ODE’s. Thestagearecountedfrom bot-
tom to thetop.

Theaccumulatormodelconsistsof massandcomponentbalance:

� � �� T `�¨*¡���©W��j¢¡fJ (B.29)

� � � �c�� T `�¨�¡ �qª«�L� � �-¬_� (B.30)

with ja¡fJ asthenominalexternalreflux. The feedtray is modeledwith thefollowing setof
equations.Theliquid flow leaving thetraycanbemodeledby anODE

\_� � j �� T `/j �f��� ��lA��j � (B.31)

whichdescribetheliquid hydraulic.Themassbalanceoverthestageassumingthatthevapor
flows enteringandleaving areequal:

� � �� T `Aj �f��� ��j � ��l (B.32)

componentbalance:

� � � ���� T `/j �f���£����� � � � ���q� �¨ �®�dªC� � � � ª��d� ��l �q�'� � ���q� (B.33)

Thereboiler:

� ��¯� T `Aj � ��°>��¨ (B.34)

��¯�� � ¯� T `/j �����=� � � ¯ � ��¨ �qª ¯p� � ¯ � (B.35)
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Thehydraulictime constantis computedfrom theexperimentaldatato anaverageof \^�a`V5±3²UP for eachstage.Thetray efficiency is setto ³´`�68±�µQ² for all stages.
The responsescompositionandholdupresponsesof accumulatorandreboilerto an in-

jection of 200 ml butanolon tray 11 over the time interval t = 70 s to t = 75 s areshown
in FiguresB.44 andB.45. To take thecondensationof vaporinto consideration,thevapor
flow leaving tray11 is reducedtemporarilyby 50%, thiscondensateis addedto thenominal
reflux andtheinjectedamountof butanol.

CompareFigureB.35andB.44shows that theinitial deteriorationof thereboilerliquid
holdupfrom thesteadystateagreeswell for theexperimentandthesimulation.Thegradient
of thesimulationresultsis slightly lessthantheoneof theexperimentaldata(Exp. 11). The
differenceis dueto themodelingof theliquid hydraulicasfirst orderprocessesin series.The
temperatureresponsesshown in FigureB.34 for Exp. 11 andFigureB.45 show reasonable
goodagreementwith respectto thelocationof theresponseonthetimeaxis.Themagnitude
of the responseof thesimulatedresultsis approximately50%of theexperimentaldatafor
trays1 to 10.

A limitation of theherepresentedmodelis the fact that the responsesof thestagessit-
uatedin the rectifier sectionarenot matchingthe nearsymmetricalresponsesof intercon-
nectedmixing tanksonwhichthemodelis based.For apulseinput to asetof interconnected
mixing tankswe expectsymmetricalresponsesin eachunit to animpulse.However, thein-
jectedamountof butanolis of a total of ��¡
¶Le�]dhq¶#`·V5±:²}mp�Co , which is approximately50 % of
theliquid tray holdup.Thenominalreflux flow is 0.14mol/s,suchthatwe geta shortterm
increasein refluxby 300% (from 0.14to 0.58mol/s).
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Figure B.44: Single holdup model: prod-
uctcomposition,changein holdupof reboiler
andaccumulatorfor thesimulationof Exper-
iment11
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FigureB.45: Singleholdupmodel: temper-
atureresponsesof simulationof Experiment
11

Two holdup model
Themodelingof thedistillation tray canbeimprovedby dividing theliquid holdupinto tray
anddowncomerholdup. For this modelwe split the holdupsuchthat half the liquid is on
thetray andtherestin thedowncomer. Thehydraulicsof thedowncomeris neglected,such
that we get oneadditionalordinarydifferentialequationfor eachstagemodel. The mass
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andcomponentbalancesover thefeedstageareidenticalto thoseof theoneholdupmodel,
exceptfor thedistribution of liquid. Thecomponentbalanceover the tray wherethe tracer
( l , �'� ) is injected:

� � � ���� T `/j �f�������-¬¸� � � � � � ¡ � �q� ��¨ ���qª�� � � � ªC��� ��l �~�'� � � ¡ � �q� (B.36)

and the component balance over the
downcomer:

� ¬¹� � � ���� T `/j �®��� ¡ � � � � � �-¬¸� ��� (B.37)

Thetotalresidencetimeof liquid onthestage
is unchangedandthevaporis in contactwith
the liquid on the tray only, the vapor-liquid
equilibriumis computedfor thetray compo-
sition.

The liquid hydraulic and the temporary
changesof the stageholdup for the two-
holdupmodelis shown in FigureB.46. It is
assumedthat the downcomerholdupis con-
stantandtheentirechangein stageholdupis
on the tray. Furtherwe assumethat80 % of
thevaporis condensedin theperiodt = 75 to
80 s.

ComparingFigure B.34, B.45 and B.47
show that the magnitude of the temper-
ature responsesand position on the time
axis are in good agreement. The split of
the liquid holdup results in a more pro-
nouncedtemperatureresponse.The compo-
sition/temperatureresponseis “delayed“ due
to the split of liquid holdup into tray and
downcomer. Still thereis somemismatches-
pecially for tray 11. We expect a symmet-
rical responseof the tray temperatureto the
liquid pulse.Thesimulatedresponse(Figure
B.47)show still anon-symmetricalresponse.
In the simulationthe liquid is addedto the
refluxflow, thetray is modeledasaperfectly
mixed unit, suchthat effects due to mixing
areneglected.
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Figure B.46: Two holdup model: product
compositionand changein reboilerandac-
cumulatorholdup for the simulationof Ex-
periment11
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Figure B.47: Two holdup model: tempera-
ture responsesof simulationof Experiment
11

An improvedtwo holdupmodelis developeddueto theextensivemismatchbetweenthe
temperatureresponses(primaryconcerningtheshapeof theresponseandnot themagnitude)
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of experimentandthesimulationresults.Theinjectionof butanolis now doneinto aconstant
holdupvesselaheadof theuppermosttray with a holdupof 2 mol (sameasthetray holdup
of a rectificationtray). Theadditionallag is usedto mimic theprocessof condensationand
mixing of injectedbutanol,vaporandliquid on the top stageof the column. A hydraulic
timeconstantof \_º´`/?QP is chosenfor this unit.

CompareFiguresB.34 andB.48 show that the shapeandthe positionon the time axis
of thesimulatedresponsesaresimilar to theexperimentaldata. The responseof tray 11 is
similar in thesimulationandexperiment.
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Figure B.48: Improved two holdup model:
temperatureresponsesof simulationof Ex-
periment11
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Figure B.49: Improved two holdup model:
holdupresponseExperiment11

Remarkson the applied models:
We assumethat all the vaporis condensedover a time periodfrom t = 75 s to t = 80 s to
heattheinjectedliquid, thiscondensedliquid is addedto theinternalreflux. Theassumption
of total reflux is implementedsuchthatwe computethe initial molar vaporflow, from this
molar flow we computethe initial volumetricreflux (correctedfor molecularweight), this
volumetricreflux is thanusedthroughoutthesimulation.

To accountfor the liquid delay throughthe column the hydraulic time constantis in-
troduced. The liquid flow leaving the tray is respondinglike a first order responseto the
liquid flow enteringthestage.Overall the liquid hydraulicis introducedprimary to model
theliquid flows in thecolumncorrectly(responsereboilerlevel to injectedliquid), neverthe-
lessthereis someinfluenceon the temperatureresponse.The liquid hydraulicsis modeled
identically for all four modelswith a hydraulictime constantof \^º»`¼V5±3²5P the liquid flow
throughthecolumn.Thehydraulictime constant\_� is estimatedfrom experiment11,where
wedeterminedthedelay ½�¾�¿pÀZV�BQP from butanolinjectionuntil thereboilerlevel increase.

Furthermismatchcanbecausedby neglectingtheenergy balanceandthevaporphaseas
well astheunsufficient descriptionof the liquid hydraulicsof thecolumn. Theinjectionof
thebutanolcausesa changeof holdupon thetrays,neverthelessthemodeldoesnot include
effectslike thechangein froth densitycausedby thetemporarilyinjectionof cold liquid.
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B.4 Obtain column holdup

The holdupof a distillation columnis of crucial importancefor the compositiondynamic
of a distillaiton column,especiallythedistribution of theholdupinfluencethedynamicbe-
havior of thecolumn.Theholdupof adistillationis determinedby thefollowing procedures:

¦ emptythe columnby dumpingthe liquid into the reboiler, vaporevaporatingis col-
lectedin theaccumulator¦ computetheliquid holdupfrom pressuredropcorrelations

B.4.1 Dumping of the column

In TableB.10 resultsfrom differentexperimentsaresummarized.The datawerecollected
afterexperimentsfor determinationof stepresponseswerefinished. Theprocedurewasas
follows: Whentray temperatures,holdupsandproductflows settledto a steadystate,reflux
andfeedpump,reboilerheatsupplyandthe productvalvesareshutdown simultaneously.
Theholdupof reboilerandaccumulatorarerecordeduntil theselevel out (approximately20
minutesafter shutdown). The combinedvolumechangeof accumulatorandreboilergive
thetotal holdupof thecolumn.

The increasein theaccumulatorvolumeis causedby liquid which is storedin thecon-
denserandcondensersealduringoperationanddueto evaporationof liquid from thecolumn
internals. Approximately150 ml of liquid is storedduring operationin the condenserand
its seal,this amountis substractedfrom the sumof holdupchangesfrom accumulatorand
reboilersincethe total columnholdupis to bedetermined.The increasein reboilerholdup
is causedby liquid storedon thesieve traysanddowncomerswhich drainsfrom thecolumn
into the bottom. It is assumedthat all liquid which reachesthe reboiler is from the liquid
holdupon tray anddowncomer.

Overall,thedumpingexperimentsgivearatherinconsistentpictureof thedependency of
liquid holdupin thecolumnonrefluxandheatinput. FromTableB.10it is seenthattheliquid
holdupof thecolumnincreasesrapidly whenthetotal pressuredropexceedsapproximately
70 mbar, which is foundto bethelimit of operationdueto flooding.

B.4.2 Modeling of the column pressuredrop

From the presentedexperimentsit is not possibleto determinethe liquid distribution in
rectifierandstrippersection.Nevertheless,it is suggestedto usepressuredropexperiments
to determinea suitablecorrelationsfor the liquid holdupon thestage,includingestimation
of thedry pressuredropoversievethetray, theheightof clearliquid onthetrayandtheclear
liquid heightabovetheweir.

The pressuredrop over the entiredistillation columnis causedby lossesdueto vapor
flowing throughtheconnectingpipesandthroughpressuredropover thestagesin rectifier
andstrippersection.Thepressuredropover a stageconsistsof dry andwet pressuredrop.
Thedry pressuredrop is causedby vaporpassingthroughtheperforationof thesieve tray.
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TableB.10: Experimentaldeterminationof thecolumnholdupby dumpingof thecolumn.
Notethattheexperimentmarkedwith (*) correspondto flooding.

ID reflux reboiler feed pressure changeof totalÁ
flow heat flow compo- drop reboiler accumulator column

input sition holdupÂ ÃSÄdÅ_ÃÇÆdÈ*É ÂËÊ1Ì1Å'ÍÎÉ Â ÃSÄ�Å_ÃÇÆqÈ*É Â ÃSÏ^ÄdÅ_ÃSÏ'ÄÐÉ Â Ã´Ñ�ÒCÓ_É Â ÄÔÆdÕKÖÎÓ^É
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

7Á 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 32.5 2.34 0.55 2.74

17Á 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

20Á 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

22Á 883.9 13.5 400 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 31.5 2.40 0.35 2.60

Theareatedliquid (statichead)on thetray causesthewet pressuredrop.Wehavechosento
neglect theresidualpressuredropwhich is oftenmentionedin literature(e.g. Perry, 1984),
sincetheproposedVX×1±3²Ømsm of wateris in theorderof thewet pressuredropfor a stageof
theinvestigatedcolumn.

The experiments(e.g. dp1 anddp2) to determinethe pressuredrop of the distillation
tower areperformedwith pureethanol( �'� `Ù68±3D;D ) as feed. This procedureis chosento
eliminatetheinfluenceof changesin densityin vapor, liquid phaseandheatof vaporization
in the reboiler. Thecontrol of the inventoryis doneautomaticallyby adjustingtheflow of
distillate(accumulator)andthebottomflow (reboiler).Theamountof reflux andheatinput
to thereboileraresetmanually.

Thedesignof thestagesis identicalin bothrectifierandstrippersection.To simplify the
computations,constantmolarflows throughoutthecolumnsectionsandconstantliquid and
vapordensitiesareassumed.Thevaporflow is computedfrom theheatinput to thereboiler

¨>` uÚ´Û8Ü eqÝ Þ m|i5P^ß (B.38)

Sincethecolumnis fedwith amixtureprimarycontainingethanol,weusetheheatof va-
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porizationof ethanol
Ú´Û8Ü e~Ýv`�?;µ8±:9;xcy-iCmp��o at <�`79Cµ8±:²�@¹à . Heatlossesto thesurroundings

from thecolumnshellareneglected.Theliquid flow throughthecolumnis computedfrom
the control signalsto the meteringpumpsfor feedandreflux. The molar feedandreflux
flows arecomputedunderconsiderationof thetemperatureinfluenceon thedensity.

Weassumeherethattheinfluenceof theenteringfeedandrefluxonthevaporflow is neg-
ligible andsubcoolingis not thatextensivethataconsiderableamountof vaporis condensed,
theinternalreflux j is identicalto theexternalreflux j{z . Theassumptionof constantmolar
flows implies that the vaporvelocity in both sectionsis constant.The temperatureof feed
andreflux is approximately9;µ;@�à , suchthat the assumptionof neglectedcondensationof
vaporon feedanduppermoststageis reasonable.

Onerequirementto geta sufficient setof pressuredropdatais to spanthespaceof va-
por andliquid flow over anaslargeasnecessaryinterval. During therecordingof thedata
negative flows of distillate andbottomproductwerenecessary, thesearethe caseswhere:¨*z�Ráj{z and j�¯�R�¨-¯ . Theindex T denotesthereflux to stage11andvaporfrom stage11,
respectively, while in thebottomsectionB denotestheliquid flow fromstage1 to thereboiler
andthevaporflow from reboilerto stage1, respectively. Feedingliquid directly to reboiler
andaccumulatorto spanthe spacefor thepressuredrop measurementsintroducesomeer-
rorson theresults.The’negative’ bottomflow pumpedinto thereboilerhasto beheatedup
from ×;6C@�à to theboiling point, this resultin a lower vaporflow throughthecolumnwhich
is computedfrom Eq. B.38. Dueto theunfavorableinfluenceof ’negative’ bottomflow it is
chosento excludethesedatafrom theestimationprocedure.Thisphenomenonwill notoccur
for ’negative’ distillateflow, sincetheadditionalreflux is pumpedinto theaccumulator. The
reflux passesthroughapreheaterbeforeit entersthecolumn.

Modeling pressure drop column-condenserpipe

0 2 4 6 8 10
0

100

200

300

400

500

600
Pressure drop column to condenser

reboiler effect  [kJ/s]

pr
es

su
re

 d
ro

p 
[N

/m
2]

*  measurement

−  estimate 

FigureB.50: Pressuredrop in the pipe con-
nectionthe distillation columnandthe con-
denser, ’*’ experimentaldata,’–’ estimate

Theestimateof thepressuredropis com-
puted from a leastsquarefit of the experi-
mentaldata,theformulausedis:ÚUâ Ý � ÝÎh�`AN5ãä� V×�åOæ (B.39)çcè jaé©Sé ��êë¡dì�í §Ý � ÝÎh Þ5îm § ß
Thefanningfriction factoris estimatedfrom
Fig 5-28 in Perry Chemical Engineerings
Handbook(1984),underconsiderationof the
surface quaility, the friction factor is esti-
mated to ï¹i;©�Ý�` V;±:×�ð�V�ã �«ñ , which giveè ÀÙã8±3ã;ãQ² . The dimensionsof the connec-
tor pipe are ©�Ý7` ò5µ;msmwó¸j�Ý/` ²;ã5ã;msm .
The total friction loss factor is estimatedtoêÎ¡�ÀFVX² .
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Theconstantin theequationcoversnot described/neglectedeffectsin the liquid sealof
the condenserinlet. The condenseris ’sealed’to the columnby an approximately5 mm
liquid sealwerethevaporhasto passthroughbeforeit entersthecondenser.

Computation of stagepressure drop
ThepressuredropcorrelationspresentedherearetakenfromCoulsonandRichardson(1985),
Perry(1984)andBennett(1983).Thesecorrelationsarenotnecessarilytheonly foundin lit-
erature,but arereasonablecorrectfor thehereinvestigatedcolumn.

Total pressure drop: Thepressuredropover a stageis measuredasthedifferencein pres-
surebetweentwo adjacentstages ÚUâ ÝÎ��e�¡fh � � ` â � � â � � � (B.40)Ú�â Ýë��eô¡fhõ` ÚUâ bq¡feô¡ � ]=� ÚUâ ¬ ¶Kö (B.41)

Thepressurelossdueto surfacegeneration,
ÚUâ�÷ùøë÷�÷ ��h , is neglectedcomparedto theequations

listed in CoulsonandRichardson(1985)or Perry(1984). Thepressuredropdueto bubble
formationat theorifice is approximately² î iCm

§
, which is lessthanthemeasurementaccu-

racy. The’residualpressuredrop’,
ÚUâ-ú

, aslistedin literature(Perry, 1984)is neglected.The
residualpressuredropis estimatedfrom severalauthorsto beequalto a pressuredifference
of VX×1±3²}msm water. This liquid heightcorrespondsto a pressuredropof

ÚUâ-ú ` VX×;ò î iCm
§

which is comparableto 50 % of thestaticpressuredropthroughtheareatedliquid.

Dry pressure drop: The dry pressuredrop over the orificesof the sieve tray is estimated
by Û ¬ ¶Kö}` ¥à §û ð�å5ü Üå5ü � í

§ý Þ msmþß (B.42)

The constantK in Eq. B.42 is for sieve platesgiven to ¥ `ÿ²«V Þ V�ã;ã5ãQP § iCmþß to give the
correctdimensionof the dry pressuredrop

Û ¬ ¶Kö in mm liquid. To convert the equivalent
liquid heightto thepressuredropweuse:ÚUâ ¬ ¶Kö�` å5ü �8ð�� ð Û ¬ ¶KöV�ã;ã5ã Þ î iCm § ß (B.43)

introduceeq.B.42into eq.B.43giveÚ�â ¬ ¶%ö�` å5ü �*ð �V�ã5ã5ã ð ²«Và §û å5ü Üå5ü � ð�í §ý (B.44)

` ã8±:²Cã5ã5ò8Và §û ð å5ü Ü ð�í §ý Þ î iCm
§ ß

Thevelocityof thevaporthroughtheorificesof thesieve tray is

í §ý ` ¨ �:� ð���� Üå5ü Ü � �:� ð����¸¶Kh%h Þ m|i5P^ß (B.45)
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In Eq. B.45theorificecoefficient is setto à û `Aã8±	�5× (Coulson/Richardson,1985)for asieve
tray 2.5mm thick equippedwith perforationsof adiameterof 2.7mm.

Clear liquid height aboveweir: Theliquid hydraulicis determinedby theamountof liquid
above theweir. Theheightof clearliquid flowing over a weir is determinedby a modified
Francisweir formulafor circularweirs(Perry, 1984).Û û�
 `AN;NQò5ã5ãUð ç j�ã8±:²UðX© 
 h � ¶ ì ��� Þ msmþß (B.46)

with theliquid flow j�� in Þ m ñ i5P^ß andtheexit weir diameter© 
 h � ¶ in [mm]. Theliquid flow
leaving thetray is computedfrom

j���` j û ø ¡ ð����w�å5ü � Þ m ñ i5P^ß (B.47)

Note that we consideronly 50 % of the exit weir circumcirclein Eq. B.46 asactive weir
length.This is dueto thedesignwith ancircularexit weir placednearthecolumnwall. The
screenedliteraturedoesnot includeany correlationswhichdescribethedistributionof liquid
flowing overanoff-centerplacedcircularweir.

Froth density: Thefroth density � canbeexpressedby�s`���� ��� Á������� � Þ ß (B.48)

Theparameters! � aredeterminedempiricallyfrom experimentaldatato fit thepressuredrop
overacolumnsectionby known liquid andvaporflowsin aleastsquaresence(seeAppendix
B.4.3).Thedimensionof ! � is Þ � m|i5P � �#" � � ß to ensureadimensionlessfroth density. Thefroth
densityon thetray dependson thevelocity factorover theactive trayarea:

¥ ba`Aí-e�]d¡ � Ü h{ð $$$$ å5ü Ü � �3�å5ü � � û ø ¡�� å5ü Ü � �:�
$$$$ Þ m|i5P^ß (B.49)

Static pressure drop: Thestaticpressuredropdueto liquid storedon thetray is computed
by : ÚUâ bq¡feô¡ � ]�`%� ð Û ]d�8ð å5ü � Þ î iCm § ß (B.50)

Dueto therathersmallcolumndiameterof 125mm we neglectany hydraulicgradientover
thetray (Bennett,1983).

Estimation of clear liquid height: The clear liquid height (static head)on the tray can
becomputedby four differentmodels,denotedA to D.

Theliquid height
Û ]d� on thetray is expressedby Bennett(1983):Û ]d��`��´ð ç Û 
 h � ¶(��à ç�& �� ì ��� ì Þ mþß (B.51)
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with à ` ã1±3ã5ò5×'�U�Aã1±3ãQ×Cµ'(*)�� � J,+ � ñ I.- Á ý /�02143 and
Û 
 h � ¶ in Þ mþß . à is an empiricaldetermined

parameter, bothto adjustthedimensionsin Eq. B.51andtheflow of froth over theweir,
& � is

theflow rateperunit lengthoutletweir in thedimensionÞ msñëiCmsr%t5)*mþß . Thecomputedliquid
heighton thetray

Û ]d� hasthedimensionof Þ mþß . EquationB.51 will beusedin procedureA
to describetheflow of a froth over theweir andto estimatethedifferentialpressureover a
stage.

Thedimensionsof Eq. B.51arenot thatsuitablefor theinvestigatedsystem.It is chosen
to changethedimensionsto SI-unitsandusea leastsquarefit to adjustthecoefficients ! � .
Wehavechosento usetheexponentof ! ñ `/ã1±6�;ãCN to describetheflow overthecircularweir
assuggestedin Perry. Û ]d��`�� ð ç Û 
 h � ¶(��à ç j��j 
 h � ¶�ð7� ì ��� ì Þ msmþß (B.52)

with
Û 
 h � ¶ in Þ msmþß and uv� in Þ m ñ i5P^ß . ! � areempiricaldeterminedparameter, bothto adjust

thedimensionsin Eq. B.52 andto adjustthe liquid heighton thestage.EquationB.52 will
lateron bedenotedprocedureB.

Note that the correlationsin equationsB.51 to B.52 for the computationof the liquid
heightareonly functionsof weir height,

Û 
 h � ¶ , vaporflow ¨ �3� andactivetrayarea.Influence
on the’wet’ pressuredropby theliquid flow is solelyby thevolumetricliquid flow j�� over
the weir. In the herepresentedform is the liquid amountbelow weir primary dependent
on the vaporflow throughthe tray. The influenceof the liquid flow throughthe columnis

consideredby theterm à�ð 8 �:9;=< ��� . For theexit weir of thehereinvestigatedcolumnC in Eq.

B.51is computedto à ` ã8±3ã>(8VX× .
Possiblesimplificationsof Eq. B.51will includetheapplicationof theclearliquid height

above weir as computedby Eq. B.46 insteadof the volumetric flow rate over the outlet
weir. Introducethis simplificationopensfor two differenttypesof correlations.Basedon
thecorrelationof Bennett,suchthatÛ ]q�*`��?) ç Û 
 h � ¶���à ç Û û�
� ì ��� ì Þ msmþß (B.53)

with à asan empiricaldeterminedparameterto adjustthe dimensionsin Eq. B.53. The
numericalvalueof à in Eq. B.53 is determinedfrom experimentaldataof the investigated
column.EquationB.53will lateron bedenotedasprocedureC.

Themostsimpleform to describetheliquid heighton thetray will be:Û ]d��`��?) ç Û 
 h � ¶®� ç Û û�
� ì ��� ì Þ msmþß (B.54)

Thissimplepredictionwill bedenotedprocedureD.
In equationsB.52 to B.54we assumethatclearliquid flows over theweir sincea disen-

gagingzoneplacedin front of theexit weir. Dueto thedesignof thesievetray, with theexit
weir off centertowardsthecolumnwall, we assumethe ’active’ weir lengthto be50 % 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. Besidethecorrelationsproposedby Ben-
nett (1983)(seeEq. B.40 to B.49),correlationsfrom Stichlmair(1978)andLockett (1986)
bave beeninvestigatedtoo. Both, thecorrelationsfrom Bennett(in its publishedform) and
Stichlmair, overestimatetheamountof liquid on thestagefor theinvestigatedsystem.

Remarkson estimationprocedures
The applicationof pressuredrop measurementsasindicationfor the liquid holdupandit’ s
distribution on the tray is dependenton accuratemeasurementsandcorrelations.Theclear
liquid heighton the tray is dependenton thevaporflow (throughthe froth density)andthe
heightof clearliquid above theweir.

The estimationof the coefficients in e.g. Eq. B.53 is rathersensitive to errorson the
pressuredropmeasurement.Thedry pressuredropis predictedby Eq. B.45 for eachstage.
The threeparameters! � to ! ñ describethe dependency of the holdupon vaporandliquid
flow. Theliquid holdupon thetray is very sensitive to theseparameters,a wrongpredicted
froth densityresultsin a considerablemispredictionof the liquid holdupon the tray. The
downcomerholdupdependsmainly on thepressuredropover thestage(sumof dry andwet
pressuredrop)andtheholdupunderthe inlet weir. An error in dry pressuredropof 1 mm
will giveanerrorof 1.1ml, mispredictingtheclearliquid heighton thetray by 1 mm result
in an error of 12.3 ml on eachstage. The latter correspondsto approximately5 % of the
stageholdupandup to 10 % of the tray holdup. This shows the large sensitivity of this
measurementon anexactpredictionof theliquid heighton thetray.

The designof the stagescomplicatesthe predictionfurther, with column diameterof©Ç]õ` VX×;²Cmsm anda circularweir of length j 
 `FV5VX×Cmsm . It is a ratheruncommondesign,
wherethetray diameterandthe lengthof theoutletweir arealmostidentical. Theposition
of the outlet weir off-center towardsthe wall result in a rathercomplicatedflow pattern
on the tray. Due to the tray designis the clearliquid heightabove weir relative low (e.g.:ã8±3²SR Û û�
 R7V;±:² msm , seealsoEq. B.46),evenwhenweassumethatonly 50% of theoutlet
weir lengthis active.

B.4.3 Parameter Estimation for the simulation model

Four differentproceduresto estimatethepressuredropover thestagesin a distillation col-
umnarepresented(deeAppendixB.4.2). ProcedureA is basedon theoriginal publication
by Bennett(1983)whicharepresentedin equationsB.49. ProcedureB is basedon thesame
equationsbut thecoefficientswheredeterminedby a leastsquareoptimizationof theexper-
imentaldata.In procedureB thecoefficientsaredeterminedsimultaneouslyfor therectifier
andstrippersection,taking the identicalinternaldesignof thestagesinto account.In pro-
cedureC (seeEq. B.53) we exchangethevolumetricflow perunit weir lengthby theclear
liquid heightover weir which is computedfrom Eq. B.46. This will reducethe number
of equationsin a dynamicmodelwherethe modifiedFrancisweir formula is usedto de-
scribetheliquid hydraulicthroughthecolumn.Simplify thecorrelationsfurtherleadsto Eq.
B.54, the resultsof this predictionarepresentedasprocedureD, in D2 thecoefficientsare
computedfor bothsectionsseparately.
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The coefficientsdeterminedby a leastsquareoptimizationof the experimentaldatato
estimatefroth densityandclearliquid heighton thetray arelisted in TableB.11. Notethat! ñ and à arenot necessaryfor proceduresD. The 3-d figurese.g. FigureB.51 show the

TableB.11: Coefficientsof thecorrelationsEq. B.48,B.51,B.53andB.54

Procedure ! � ! § ! ñ à
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 -12.50 0.81 1.4
D2S -9.01 0.49 1.4

pressuredropmeasurementsover a stagein therectificationandstrippingsectionof thein-
vestigatedpilot plant.Theactualmeasurementsaremarkedwith (*) and(o) for therectifier
andstripper, respectively. The surfacewhich is drawn in the coordinatesystemof molar
liquid andvaporflow andthe pressuredrop representsthe estimationof the pressuredrop
basedon thepresentedcorrelations.Theadvantageof the3-d plots is that it is rathereasy
to seeif thetypeof correlationis suitable.Thedeviationsareplottedin anextra figure(see
e.g. FigureB.53),wheredeviation for eachexperimentis shown. For simplicity we restrict
thepresentationof datato procedureA andD. EventhoughtproceduresB andC show some
goodresults,thosecorrelationswerenot usedin thesimulations,becauseof their consider-
ablemorecomplicatedform.

Procedure A
Basedon thecorrelationsBennetpresented(Eq. B.40 to B.51). Thecoefficientschosenfor
bothrectifierandstrippingsectiongivenin TableB.11markedwith (A).

From Figure B.51 we seethat the vari-
ation in liquid flow doesonly have a lim-
ited influenceonthepredictedpressuredrop,
whichdoesnotagreewith themeasuredpres-
sure drop. Overall the predictedpressure
drop (surface in Figure B.51) over a stage
in the rectifier (*) andstripper(*) sectionis
far to high. (Themeasureddatapointswhich
arelower thanthepredictedsurfacearehid-
den.)RotateFigureB.51suchthatwecanin-
spectthedependency of thepressuredropon
the vaporflow shows (seeFigureB.52) that
thereis a ratherextensivemismatchbetween
predicted(–) andmeasured( * , o ) pressure
drop.
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FigureB.51: Pressuredropovera tray in the
distillation column,procedureA



202 B. Obtain operational parametersof a distillation column

Sincethepredictedpressuredropshowsaratherconstantoffset(seeFigureB.52)andthe
shapeof thepredictedpressuredrop is similar to theobservedvaluesit is assumedthat the
liquid holdupon thetray is overestimated.We assumethatthesuggestedtypeof correlation
is reasonableandtheamountof liquid storedon thetray underoperationhasto bereduced
(this is thedependency of theliquid holdupon thevaporflow) to achieveabetterfit.

Thedeviation betweenmeasurementandestimationis in excessof ²Cã î i�m
§

this corre-
spondsto a liquid heightof approximately7 mm, which is 30 to 70 % of the clear liquid
heighton thetray. Theform of thefroth densitycorrelation(Eq. B.48) impliesthatfor very
low vaporflows ( ¥ bA@Wã ), theheightof clearliquid on thetray equalstheweir heightplus
theheightof clearliquid aboveweir.

The error betweenthe literaturecorrelationsand the measuredvaluesis presentedin
FigureB.53.Thisfigureshowstheextensivedeviation in thepredictionof thepressuredrop.
A deviation of approximatelyBv×;ãDC in thestripper(*) sectionanda deviation of maximum
of µ5ã'C for therectifier(o) sectionis observed.
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FigureB.52: Pressuredropovera tray in the
distillation column,procedureA (rotationof
FigureB.51)
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Figure B.53: Error betweenpredictionand
measuredpressuredrop, ’o’ tray in stripper
section,’*’ trayin rectifiersection,procedure
A

Procedure D2
The most simplecorrelationto describethe
clearliquid heighton thetray is givenin Eq.
B.54. The resultsare presentedin Figures
B.54 to B.56. This correlationwill be valid
for a distillation tray wherea calmingzone
is placedin front of the outlet weir. Predict
the coefficients in Eq. B.48 separatelyfor
eachsectionimprovesthepredictionandre-
ducesthe offset significantly. We chooseto
do the parameterestimationseparatelydue
to the ratherdifferent liquid loadingson the
stages.
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FigureB.54: Pressuredropovera tray in the
rectifying sectionof theinvestigateddistilla-
tioncolumn,’–’ estimated’*’ measuredpres-
suredrop,procedureD2R
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Thedeviation betweenestimationandmeasurementis shown in FigureB.56. Themost
extensive error (more than 15 % ) are observed for experimentswherea low vaporflow
( EGF%HJI4HDK�LNM7O#P>Q ) is used.
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FigureB.55: Pressuredropovera tray in the
strippingsectionof the investigateddistilla-
tioncolumn,’–’ estimated’o’ measuredpres-
suredrop,procedureD2S
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FigureB.56: Error of the improvedcorrela-
tion, ’*’ tray in rectifier section,’o’ tray in
strippersection,procedureD2

Discussion
The correlationsdevelopedby Bennettarebasedon experimentswherethe free tray area
(holearea)is approximately10 to 15%, furthertheliquid andvaporloadon thetrayswhere
severalmagnitudeshigherthanin thehereinvestigatedsystem.Dueto thesecircumstances
wehavechosento modify thesecorrelationsto allow abetterpredictionof thepressuredrop
andthustheclearliquid heighton thetray. We adopttheequationfor thefroth density(Eq.
B.48)andintroducetheclearliquid heightabovetheweir into thecorrelationto computethe
clearliquid heighton thetray.

B.4.4 Results

Column pressure drop prediction
The pressuredrop over the distillation column,that is from the first tray to the condenser
inlet is computedfrom correlationspresentedasprocedureD2 (seeTableB.11). The total
pressuredrop over the columnconsistsof the dry andstaticpressuredrop of five andsix
stagesof stripperandrectifiersection.By applyingEq. B.40 to Eq. B.50 andEq. B.48 to
Eq. B.53weareableto computethepressuredropover theinvestigateddistillationcolumn.

Theproposedcorrelationsarecomparedto experimentaldataof thedistillationof ethanol.
Thefeedcompositionwas R'SUT�HVI	WDX , therefluxflow is chosento 383ml/min (0.1024mol/s).
Distilling ethanolhastheadvantagethatthedensityof theliquid in thecolumnwill becon-
stantandcomputationis slightly simplified. Apply procedureD2 to the input datalisted in
tableB.12resultin thepressuredroppredictionshown in FigureB.57.

Evaluatetheproposedcorrelationonexperimentaldata(seeTableB.10)of thedistillation
column is shown in FigureB.58. Overall the predictionof the pressuredrop is sufficient
when the coefficients determinedfrom the distillation of ethanolareusedto estimatethe
differentialpressureover thedistillationcolumn.
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TableB.12: Operationalparameterof Experimentdp1anddp2
dp1 dp2Y[Z

ml/min 374 225Y
mol/s 0.1068 0.0641\�Z

ml/min 385 385\
mol/s 0.1024 0.1024

heatinput kJ/s 0.75- 9.75 1.5- 9.75
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Figure B.57: Comparisonof measuredand
estimatedpressuredropfor thedistillationof
ethanol,procedureD2
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Figure B.58: Comparisonof measuredand
estimatedpressuredrop,(*) measurement,(–
) predictionbasedon procedureD2

Theexperimentswith a measuredpressuredrop in excess6500 ]^P�L`_ wereperformed
underconditionscloseto flooding(highliquid andvaporload).Eventhoughflooding(rather
fastincreasingpressuredrop)wasnot explicitly consideredin thepredictionof thepressure
drop the predictionprocedure,the estimatedpressuredrop over the columnagreesrather
goodwith theexperimentaldata.

B.4.5 Holdup prediction

Fromtheabovepresentedproceduresto predictthepressuredrop,weareableto computethe
liquid holdupin thedistillation column.Themeasuredpressuredropandthecorresponding
holdupin thedistillationcolumndeterminedby dumpingarepresentedin TableB.13.

The differing vapor and liquid flows of the two sectionsare taken into consideration
throughthepredictionof froth density(Eq. B.48) andliquid heightabove weir (Eq. B.46).
Thetotalpressuredropoverthestageis proportionalto theliquid backupin thedowncomer.
The total liquid holdupon a stageis thus,liquid on the tray, in thedowncomerpipeandin
the downcomerseal. TableB.13 shows the resultof theholduppredictionfor someof the
performedexperiments.Theerror in holduppredictionis in theorderof a b�H %, but show
increasingerrorascolumnloadingincreases.

Theerrorbetweenestimationandmeasuredvolumetricholdupis of theorderof a b�H %
for procedureD2. Theliquid holdupis somewhatunderestimatedfor highervaporandliquid
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loads.

TableB.13: Columnholdupby dumpingof thecolumncomparedto estimatedholdup.

Exp. reflux reboiler feed pressure column
flow heat flow R�c drop holdup

supply dump. D2dfehge[i6jVk d.lnmo k dpeqge[i6jJk d.eqr�geqr�g:k s LNtnuDv7w s Oyx#z�{�v|w
1 250 3.3 250 0.50 20.3 2.75 2.88
2 250 4.05 250 0.54 22.3 2.68 2.77
3 380 4.5 250 0.56 26.1 2.71 2.74
4 382 5.4 250 0.52 32.7 3.02 2.67
5 557 5.7 350 0.56 35.3 2.93 2.69
6 470 8.0 350 0.45 54.6 3.10 2.66
7 800 11.25 350 0.51 83.5 3.97 2.98

B.4.6 Discussion

The predictionof the pressuredrop and the total liquid holdup in the distillation column
reliesprimarily on the correctpredictionof the liquid heighton the sieve tray. The liquid
storedon thetray is primarily dependenton thevaporflow sincevaporbubbleswill replace
liquid. Furtherwill the liquid crossflow over thesieve tray influencethetray loading. The
heightof clearliquid above weir is computedfrom Eq. B.46 which is assumedto describe
theliquid hydraulicwell. Theclearliquid height, }�~�O on thestageis computedby Eq. B.54
andthefroth density, � from equationB.48. Theerrorin thepredictionof theliquid holdup
over thewholecolumnis in theorderof a^b�H . Theoperationof a nearlyfloodeddistillation
columnwill notbeconsideredlateron in thedynamicsimulationprogram.

B.5 Summary of experiments

Experiments1 to 4 whereperformedwith the level loopsclosedto maintainthe material
balance.Thereflux pumpandreboilerheatsupplywereundermanualcontrol. Thesignals
to themanipulatorweresteppedsuchthatrefluxandvaporflow wereincreasedanddecreased
in turn. Thefeedcompositionwasnear R�cUT�HJI	X .

Theexperiments5 to 7 wereperformedwith a feedmixtureof ethanolandbutanolat a
concentrationnear R�c�T�HJI6X , while experiments8 to 13 whereperformedwith R�c�T�HJI4WDX to
reduceeffectsof molecularweightandheatof vaporization.

In experiments11to 13weinjectedaheavy tracerontheuppermoststageof thedistilla-
tion columnoperatedat total reflux. Theinitial feedchargehadacompositionof R�c�T�HJI4WDX .
We determinedthetimedelaysfor thetracerwave traveling throughthecolumngraphically
andcomputedthehydraulictimeconstants.
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Comparison stepexperiments(open loop), continuousoperation Thedelayfrom a step
changein reflux until thereboilerlevel startsto changeis determinedfrom experiments5, 7
and8 to bein therangeof b|X^F%������F�K>H for anincreasein refluxflow, this correspondsto
ahydraulictimeconstant� gp� b'I4�DQ .

Reducingtherefluxflow (Exp. 9 andresetExp. 8) resultsin a timedelaywhich is in the
rangeof �'HDQ^F������V�A��F���X'Q , this differenceis causedby liquid still traveling downwards
liquid in thecolumntowardsthereboilerafter the reflux pumpcontrolsignalwasreduced.
The liquid flow from the column to the reboiler will remainon the initial level beforeit
changesgraduallydueto thereducedreflux flow to theuppermosttray.

Thedelayfrom increase/decreaseof therefluxpumpcontrolsignaluntil theaccumulator
level reactsis in the rangeof ��Q�F������p�A��F��'Q . The responseof the reboiler level to
an increasein reboilerduty is delayedby ��Q�F������J�A�p��F�X'Q . Thesedelaysarecaused
by processingtime of the computerandthe dynamicsof reflux pumpandreboilerheating
elements,respectively.

Thestepexperiments(7 and10)performedto investigatethevaporhydraulicsgiveatime
delayfrom the increaseof the reboilerheatinput controlsignaluntil theaccumulatorlevel
reactsin therangeof K>HDQ?F���� � �A��F��'X'Q . Fromtheseexperimentsit is ratherdifficult to
determineif thedelayis causedby vaportravelingupwardsthroughthecolumnor dueto the
delayintroducedby condenserandpiping towardstheaccumulator. FromExp. 10 to 13 it
is found thata disturbancein the top vaporflow, E�� , (somevaporis condensedby heating
theinjectedtracer)resultin adelayfrom topof thecolumnto accumulatorin theorderof 10
seconds.
Comparison tracer experiments,total reflux Total reflux operationwasusedto preform
experiments11 to 13, with a reboilereffect varyingfrom �JI4HD�f ¡P'Q¢F�£¥¤¦F�WJI4HD�f pP>Q anda
refluxflow of �D§>H¨LNO:P'Q¥F \�Z r.g F §�HDXALNO:P'Q . Thedelayof theresponsesof stages1, 3, 5 , 7
and9 relative to theinitial temperatureincreaseonstage11 is shown in FigureB.59.
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The ratio of the increasein reflux andboilup is chosensuchthatwe getan equidistant
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increaseof themanipulatedvariablesreboilerheatsupplyandvolumetricrefluxflow. As can
beseenfrom FigureB.59 we getanapproximatelylineardependency of the (composition)
transportdelayif bothreflux andboilup areincreasedsimultaneously. For a 20 % increase
in refluxandvaporflow wegeta residencetimeon thestageswhich is reduced(onaverage)
by 20 % comparingExp. 11 to 12; for anincreaseof 50 % theresidencetime decreasesby
35 % (comparingExp. 11 to 13).

The total time a tracerpuls needsto travel throughthe columnfrom stage11 down to
stage1 is in shown in FigureB.60. It is ratherdifficult to determinetheexacttime at which
thetracerreachesthestages8, 9 and10, sincetheuppermoststageswill bestronglyinflu-
encedfrom theinjectedcold tracer. Effectsinfluenceingthedifferentcompositionresponses
in therectifierandstrippingsectionaredueto liquid replacedby thetracer(200ml injectedis
approximatelytheentirestageliquid holdup)immediateafterinjectionandcondensationof
vaporwhich resultsin anincreasedtray loadingwhichresultin weeping,dueto overloading
of theuppermoststage.

If we approximatetheresidencetime of thecolumnby thedelayof themaximumtem-
peratureincreaseon stage1 relative to stage11 we canestimatethe liquid holdupof the
column.This is �©~.ª « r.gp� ��~T�Ef« r.g P \ . Estimatingthecolumnholdupfrom this methodgive
a holdupin theorderof KVI4�¬O�F�Ef« r.g F�KVI	�O dependingon theoperationpoint. (This is, we
assumeaplugflow throughthepipe)Fromthetotal liquid holdupwecancomputethestage
holdup(this is liquid on thesieve tray andstoredin thedowncomer)by E o:®°¯�±�² T³Ep« r.g P©] ® ,
suchthatthestageholdupis E o´®°¯�±�² � HJI	K��DO .
Comparison stepand tracer experiments
Theprincipaldifferencesof thesetwo typesof experimentsmake it ratherdifficult to com-
paretheexperimentaldata.Thestepexperimentsareperformedsuchthat theliquid flow is
changedby lessthan20 % from theinitial reflux flow. The’step’changeis introducedasa
rampof 16ml/sdueto thedynamicsof themeteringpumpsupplyingthereflux. Thevolume
injectedin the tracerexperimentincreasesthe reflux flow temporarilyby morethan50 %,
suchthatthecompositiontimeconstantis considerablyinfluencedby this increase.

Thedifferentmethodologyto performtheexperimentsrequirethedefinitionof anappro-
priatereferencetime to allow for acomparisonof thedifferentexperiments.To facilitatethe
comparisonwe have to accountfor the differenteffectswhich influencethe hydraulic lag.
For thestepchangewe have to considerthe influenceof datatransferaswell asreflux and
reboilerdynamicsandfor thetracerexperimenteffectsdueto injectionof thetracerliquid,
subcoolingandoverloadingon thestage.Thehydrauliclagdeterminedfrom thestepexper-
imentsaredeterminedfrom thetime differencefrom theinitial decreaseof theaccumulator
to the intial increasein reboiler level. The tracerexperimentsarereferencedto the initial
temperaturechangeon stage11 to theincreasein reboilerlevel.

Liquid hydraulics:
We comparefirst theexperimentsweretheinternalliquid flow is changed,eitherin form of
a stepof the signalto the reflux pumpor by injection of a tracer. The experimentwe are
referingto areexperiments5, 7, 8 and9 andthetracerexperiments11 to 13. To simplify the
comparisonof stepandtracerexperimentwepresenttheessentialdatain TableB.14.

Experiments8, 9 and 11 are performedat similar operationpoints but with different
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operationstrategies.Experiments8 and9 is thestandardtypeof operationfor a distillation
columnwith feedandproductflows. Experiments11 to 13 areperformedin thetotal reflux
mode,suchthatthereis no feedor productflows.

TableB.14: Comparisonof liquid hydraulic

Experiment 5 7 8 9 11 12 13
Figure B.23 B.25 B.31 B.32 B.35 B.38 B.40Y LNO:P'Q 5.83 4.17 0.0R�c LNM�O:P�LNM7O 0.56 0.51 0.95\µ LNO:P'Q 7.81 13.3 8.02 7.88 9.8 11.75£¥¤ �f pP>Q 5.79 11.25 6.0 7.5 9.0

Exp. type step pulseof 5 s¶ \ LNO:P'Q 1.47 1.45 +1.49 -1.49 40.0��� � Q 5.3 6.5 5.0 4.0 9.7 10.8 13.3����� Q 23.1 22.3 24.9 34.1 19.5 18.0 19.0

referedto accumulatorlevel initial temperature
change changestage11� g Q 17.8 15.8 19.9 30.1 19.5 18.0 19.0� g Q 1.62 1.44 1.81 2.74 1.77 1.63 1.72

The time tags ��� � and ����� for the stepchangechangeexperimentsarereferedto the
changeof thereflux pumpcontrolsignaluntil reboilerandaccumulatorlevel reacts.These
for thetracerexperimentsarereferedto theinitial temperaturedeviation on stage11. From
FigureB.31 we seethat the responseof theaccumulatorlevel is delayedby approximately
5 secondscomparedto the changeof the reflux pumpcontrol signal. These5 secondsare
causedby the processingtime of the computersystemto changethe controlleroutputand
thetimeelapsingto convert theelectronicsignalto achangein volumetricflow of thereflux
pump.Furthera changefrom 0 to 100% (correspondsto 0 - 1000ml/min) refluxflow takes
approximately60 s (this is a rampwith gradient1000ml/ 60 s = 16.7ml/s). In Experiment
8 and9 we changethe reflux by � a*W'H·LNO:P�L`x#¸ , this changewill be completedafter ap-
proximately6 seconds.We chooseto approximatetherampof thepumpandtheelectronic
processingby a delayconsistingfor processing/datatransferby a time delayof 5 seconds.
Thedynamicsof thepumpwill beconsideredif theinitial accumulatorlevel changeis used
asreferencefor thestepexperiments.

Usethe initial deviation of accumulatorlevel asreferencefor thestepexperimentsand
the initial temperaturedeviation on stage11 for the tracerexperiments,thehydraulicdelay
is rathersimilar. The hydraulicdelayfrom the uppermoststageto the reboileris denoted� g . The averageliquid hydraulic time constantis computedto � g T¹��� � Pº] ® T»b>I	�D§>Q for
eachstagefrom experimentswerethe internalliquid flow is increased.Thesetwo methods
(stepon reflux andtracerinjection)giveconsistantresults.NoteExp. 9 is performedwith a
reductionin refluxflow, suchthatthis resultis not used.
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Notation¼
activearea L _½ µ
dischargecoefficient¾�¿
dry pressuredropover tray ]^P�L`_À
molardistillateflow mol/min
diameter L`LY
molarfeedflow LNM7O:P�L`x�¸
tracerflow LNM7O:P�L`x�¸Á standardaccelerationof gravity LÂP'Q�_Ã¢Ä Q|Å Processtransferfunction} molarenthalpy

Ã  pP'�ÆLNM�O} height L`LÇ
processgain
equilibriumconstantÇ o dimensionlessvelocity\
molarliquid LNM7O:P�L`x�¸
length LÉÈÊL`L\�Ë
volumetricliquid flow L`Ì�P'QÍ
molarholdupof liquid LNM7OÍ�Î
molecularweight � Á P'�ÆLNM�O] number£*Ï heatinput �f ¡P'QÐ g flow rateperunit length L`Ì�P Ä L`x�¸ÑLÂÅ¿
pressure Ò*u , tnu�v , ]^P�L _Ð liquid flow L Ì P'Q
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z time }=ÈÊL`x#¸qÈnQÓ
temperature

r ½Ô velocity LÂP'QÕ i molefractionof componentx in vaporÖ i molefractionof componentx in liquidR i molefractionof componentx in feed
molefractionof componentx in tracer

GreekSymbols× equilibriumconstant¶
deviationØ surfaceroughness L`LÙ e liquid massdensity � Á P�L ÌÙ liquid molardensity �VLNM7O:P�L ÌÚ i empiricalcoefficient� froth density� timeconstant Q� timedelay QÛ
friction lossfactor

Subsripts

active active trayarea
apron downcomerapron
B bottom,reboiler
d,dc downcomer
D distillate
i identifier
in flow into thesystemvolume
n dummyindex for numberof components
l liquid phase
out flow out of thesystemvolume
t tray, total
v vaporphaseH initial stateÜ final



Appendix C

Linearized Tray Hydraulics

C.1 Tray hydraulics

The hydraulicsof a distillation column is of crucial importancefor the overall dynamic
response.Modelswith arigoroustrayhydraulicstendto beverycomplex. In thissectionwe
usethe simplified tray hydraulicswhich is proposedby Rademaker (1975)andSkogestad
(1988). Simpleexpressionsfor the key parametersdescribingthe hydraulics,namley the
hydraulictime constant� g andthe effect of vaporflow on liquid flow the vaporconstantÝ
will be derived. For simplicity, the vaporholdup is neglectedandconstantmolar flow is
assumedE i6j T�E r�Þ ® .

Theliquid flow leaving thetray
\ r�Þ ® equals

\ i6j atsteadystate,dynamicallyit is affected
by bothvapor E i	j andliquid

\ i6j enteringthe tray. The liquid flow from thestagedepends
upontheliquid holdupandtheimpulseof thevaporflow characterizedby thestagegeometry
andthe loadingcondition. An increasein

\ i6j will increasetheholdupandgradually
\ r#Þ ® ,

this time constantis denoted� g . A changein vaporflow E i6j hasno steadystateeffect on\ r�Þ ® , but mayhaveaninitial effect for ÝàßT�H . Theincreasedvaporflow will reducethefroth
densityon thetray which increasesthefroth heightandsuchthefroth flow leaving thetray.
Simultaneously, an increasein E i6j causesan increasein pressuredrop betweenthestages.
The increasein differentialpressureincreasesthe liquid backupin the downcomerwhich
reducetemporarilythe liquid flow

\ r#Þ ® leaving the downcomerandthusreducethe liquid
heighton thetray }�~ g below.

Thesignandmagnitudeof Ý dependsonwhichof thetwo effects(increaseddowncomer
backupor changein froth density)dominates,both effectsarestronglydependenton the
tray design.Since Ý and � g arestronglydependenton stagegeometryandcolumnloadinga
differentvaluesmaybefoundfor therectifyingandstrippingsection.

¾ Í T�áÉâ Í iâ \ r�Þ ®�ã �åä ¾ \ r�Þ ®Jæ á�â
Í iâ E i6j ã �·ä ¾ E i6j (C.1)

¾ Í T%�º� ä ¾ \ r#Þ ®Jæ �©� ä ¾ E i6j (C.2)
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Rademaker, 1975

¾ \ r#Þ ® T�á�â \ r�Þ ®â E i	j ã �Âä ¾ E i6j æ áâ
\ r�Þ ®â Í ã ��ä ¾ Í (C.3)

¾ \ r#Þ ® T�Ý ä ¾ E i6j æ b�©� ä ¾ Í (C.4)

comparebothequationsgive:

Ý`T�â \â E»ç ��èyT�éëê�ì ��íì �ïî �ê�ì ��íì � î � T�é
����©� (C.5)

It is assumedthattheliquid flow,
\ r�Þ ® , from astageis directlyaffectedthroughthevapor

flow in , E i	j , (indirectly throughits effect on the liquid level) andby the holdup(mass)on
thetray

Í
. Linearizingthis relationyields(Rademaker et al. 1975,SkogestadandMorari

1988) ¾ \ r�Þ ® T á â \ r#Þ ®â E i6j ã � ¾ E i6j æ á â
\ r�Þ ®â Í ã � ¾ ÍT�Ý ¾ E i	j æ b�º� ¾ Í (C.6)

Notethatthis relationshipis assumedto holddynamically. We wantto obtain Ý and � g from
steadystaterelationshipsfor the liquid holdupon the stagefound from designdataof the
column. The liquid holdupcanbe expressedby the following relations

Í TðS Ä \ ÈnE�È ¶ ¿ Å
with pressuredrop

¶ ¿ TñS Ä \ ÈòE·Å . Linearizetheseexpressionsandassume
\ i6j T \ r#Þ ®

yields: ¾ Í T á â Íâ \ r�Þ ® ã � ¾ \ r�Þ ®�æ á â
Í
â E i6j ã � ¾ E i	jT%�º� ¾ \ r�Þ ®¡æ ��� ¾ E i	j (C.7)

Notethatthis equationsonly holdsat steadystate.After obtaining� g and � Z wemayexpressÝ by Ý¢T�é �©��©� (C.8)

This followsby setting
¾ Í TóH in equationC.6andC.7andrearrangeto get

Ä â \ r�Þ ® P â E i6j Åô� .
For a physicalexplanationof Ý we assumea constantliquid flow (no externalchangeof

reflux to thetop tray). Theliquid holdupon thetrayhasanegativeslopewith respectto V ifÝ is positive, this is anincreasein vaporflow giveandecreasein liquid holdupof eachtray
(decreaseof froth density � ), excessliquid will be dumpedon the next tray, assumingthe
downcomerlevel ( }�õ�~�ö�}�~ g , Eq.: C.14)remainsconstant.Theincreasein vaporflow result
in antemporarilyincreasein internalflow of liquid. (negativesignof Ý = internalliquid flow
is temporarilydecreasedwhile thetray holdupincreases).
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C.2 Estimation of hydraulic time constantsfr om column
designdata

The liquid holdupdistrubution on thestage(tray plusdowncomer)is shown in FigureC.1.
In thissectionthevaporholduponthestageis neglected,furtherall liquid holdupis in terms
of clearliquid.

The liquid holdupdependson geometry, liquid andvaporflow. The liquid holdupof a
stagecanbe split up into liquid on the tray

Í ®ø÷�¯�ù andin the downcomer
Í õ�~ . The liquid

holduponthetraycanbedividedinto liquid under,
Í Þnú , andover,

Í r�ú , weir. Theholdupin
thedowncomerconsistsof theliquid in thesealpan

Í o#²#¯ g (or behindtheinlet weir), holdup
dueto hydrodynamiclossesunderthedowncomerapron,

Í gûr o�o , holdupdueto dry pressure
drop

Í õ ÷.ù andtheamountof liquid correspondingto theclearliquid heightonthetray
Í õ�~ g .

Theliquid holdupin thesealpanis independentof thevaporor liquid flow. Sincetheheight
of clearliquid on thetrayandthecorrespondingheightof liquid in thedowncomer(denoted}�~ g in FigureC.1) dependequallyon liquid andvaporflow, theseholdupsarecombinedtoÍ ~ g . To simplify thecomputationof the partial derivativeswe combinethe liquid holdups
on thestagedependenton thevaporflow to

Í ~ g andconsidertheliquid flow dependentpartÍ r�ú separately.
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FigureC.1: Controlvolumeonastage

Theholdupis relatedto geometryandflowsby theflowing relations:ü liquid onstagecorrespondingto theclearliquid height
Í ~ g T�S Ä \ r�Þ ® ÈnE i6j ÅÍ ~ g T Í ®ø÷�¯�ù�æ Í õ�~ g (C.9)



214 C. Linearized Tray HydraulicsÍ ®ø÷�¯�ù T Í Þnú æ Í r#ú (C.10)Í ®ø÷�¯�ù T ¼ ¯ ~ ® i Z ² ä Ù g ä }¡~ g (C.11)Í õ�~ g T ¼ õ�~ ä Ù g ä }�~ g (C.12)Í ~ g T Ä ¼ ¯ ~ ® i Z ²hæ ¼ õ�~�Å ä Ù g ä }�~ g (C.13)

}¡~ g T�� Ä } ú ² i ÷ýæ á } r�ú� ã¨þ�ÿ Å (C.14)

wherethefroth density � is stronglydependenton thevaporflow

�NT�{ Ö ¿ Ä Ú�� ä á�� ¯ ~ ® i Z ² ä � Ù e ZÙ ehg é Ù e Z ãAþ�� Å (C.15)

FromequationC.14weseethattheliquid holdupundertheweir
Í Þ�ú primarydepends

on the vapor flow to the stage( � ä } ú ² i ÷ ), while the liquid holdup above the weir
( � ä Ä } r�ú P>� Å þ�ÿ ) dependson liquid andvaporflow.ü liquid aboveweir,

Í r�ú T�S Ä \ r�Þ ® Å
Í r�ú T ¼ ¯ ~ ® i Z ² ä Ù g ä } r�ú (C.16)

with

} r�ú Tó�>�D�'H'H ä á \ r#Þ ® ä Í�Î gÙ eqg ä HVI6X ä À ú ² i ÷'ã
µ�� 	.µ�


(C.17)

ü liquid holdupin thedowncomerdueto dry pressuredrop
Í õ ÷.ù T�S Ä E i6j ÅÍ õ ÷�ù T ¼ õ�~ ä Ù eqg ä }¡õ ÷.ù (C.18)

}�õ ÷.ù T XVb½ _r ä Ù e ZÙ eqg ä � _� r�g ² (C.19)

ü liquid holdup due to the hydrodynamicloss under the downcomerapron
Í gûr o�o TS Ä \ r#Þ ® Å Í gûr o#o T ¼ õ�~ ä Ù eqg ä } gûr o#o (C.20)

} gûr o#o T Û ä Ô _õ�~Á (C.21)
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Assumeconstantflowsover thetraywecanexpressthehydraulictimeconstantof vapor� Z andliquid � g of Eq.: C.7by changesin liquid holdupon thestage.

���ÉT áâ Í õ ÷.ùâ � ã � æ áâ Í ~ gâ � ã � (C.22)

�º�?T�áâ Í gûr o�oâ � ã � æ á�â Í r#úâ � ã � (C.23)

Expresstheholdupswith correlationsC.10to C.21andlinearizethenonlinearequationsü Í ~ g clearliquid on tray

â Í ~ gâ E T Í ~ g � Ä Oy¸ �ÑÅ _E i6j (C.24)

ü Í õ ÷.ù liquid holdupin downcomerdueto dry pressuredropover tray:

â Í õ ÷.ùâ E T�K Í õ ÷�ùE i	j (C.25)ü Í gûr o�o liquid heightdueto pressuredropunderdowncomer

â Í g4r o#oâ \ T�K Í g4r o#o\ r#Þ ® (C.26)ü Í r�ú liquid aboveweir

â Í r�úâ \ T�HJI6§�H>� Í r�ú\ r#Þ ® (C.27)

CombinetheequationsC.24to C.27with C.22andC.23andweobtain:

���ÉT�K Í õ ÷.ùE i6j æ Í ~ g � Ä Oy¸=� Å _E i6j (C.28)

�©�?T�K Í gûr o�o\ r�Þ ® æ HJI	§>H>� Í r#ú\ r�Þ ® (C.29)

Ý T�é �©��º� T�é K Í õ ÷.ù æ � Ä Oy¸=� Å _ Í ~ gK Í gûr o�o æ HJI	§>H>� Í r#ú \ r�Þ ®E i6j (C.30)

The hydraulic time constant� g estimatedfrom the rigourousmodelvariesfrom HJI6X F� g F�� andthevaporconstantÝ is varyingfrom é X F�Ý�F�é�HJI	X . EstimateÝ from equation
C.30will allwaysgive ÝUFóH .
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C.3 Linearization of hydraulics

Theliquid holdupson thestage(trayplusdowncomer)aredividedinto:ü Í ~ g : clearliquid on tray andin downcomer, this is liquid underandaboveweirü Í õ ÷.ù : liquid in downcomerdueto dry pressuredropü Í õÊª gûr o�o : liquid in downcomerdueto flow resistanceunderdowncomerapronü Í r�ú : liquid on tray aboveweir

�©�ÉT Ä â Í õ ÷.ùâ � Å ç � æ Ä â Í ~ gâ � Å ç � (C.31)

�©�?T Ä â Í g4r o#oâ � Å ç � æ Ä â Í r�úâ � Å ç � (C.32)

expresstheholdupswith correlationandlinearize:

ü Í ~ g clearliquid on tray

Í ~ g T Ä ¼ � æ ¼� Å ä Ù g ä R�~ g (C.33)

R�~ g T�� ä á } ú ² i ÷[æ á } r�ú� ã¨þ�ÿÊã (C.34)

�NT�{�� þ���� ��� ���� (C.35)

TableC.1: Parametersin theoriginalBennettformulaandfor traysin topandbottomsection
for theinvestigateddistillation column. Ú�� Ú _ Ú Ì

Bennett -12.55 0.91 2/3
Rectificationsection -9 0.5 1.4

Strippersection -12.55 0.8 1.4

Ç o T E i6j ä Í�ÎÉZ¼ ¯ ~ ® i Z ² ä Ù e Z ä
� Ù e ZÙ ehg é Ù e Z (C.36)
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â Í ~ gâ E ç �JT Ä ¼ � æ ¼� Å ä Ù g ä â R�~ gâ E ç � (C.37)

â R�~ gâ � ç �JT â �â E ä á�� ú ² i ÷[æ á } r#ú� ã þºÿ ã æ � ä â
Ä ���! " Å þ�ÿâ E (C.38)

â �â E T â �â Ç o ä â
Ç oâ E (C.39)

â �â Ç o T Ú�� ä Ç þ#�o ä {�� þ���� ��� �� � ä Ú�� ä Ç þ��%$ �o (C.40)

â �â Ç o T�� ä Oy¸ � ä Ú�� ä Ç þ��&$ �o (C.41)

â Ç oâ E T Í�Î�Z¼ ¯ ~ ® i Z ² ä Ù e Z ä
� Ù e ZÙ eqg é Ù e Z (C.42)

â Ç oâ E T Ç oE i6j (C.43)

â �â E T�� ä Oy¸ � ä Ú�� ä Ç þ��%$ �o ä Ç oE i6j (C.44)

â �â E T � ä
Ä Oy¸ �ÑÅ _E i6j (C.45)

â Ä � Ô Å T �(' ä Ô é)� ä Ô 'Ô _ (C.46)

â Ä ���! " Å þ ÿâ E T â Ä,Ä ���* " Å þ ÿ Åâ � ä â �â E (C.47)
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â ÄôÄ � �! " Å þ�ÿ Åâ � T ì � � ÿ�! ì " ä �¢éï} þ�ÿr�ú ä ì "ì "� _ þ ÿ T } þºÿr�ú� _ þ ÿ (C.48)

note } r#ú is nota functionof vaporflow

â ÄôÄ ���! " Å þºÿ Åâ E T � ä Ä Oy¸=� Å _E i6j ä } þ�ÿr�ú� _ þ�ÿ (C.49)

â R�~ gâ � ç �JT â �â E ä á � ú ² i ÷[æ á } r�ú� ã þ�ÿÊã æ � ä â
ÄôÄ ���! " Å þ ÿ Åâ E (C.50)

â R�~ gâ � ç �JT � ä Ä Oy¸ � Å _E i	j ä á � ú ² i ÷[æ á } r#ú� ã¨þ�ÿ æ � ä } þ�ÿr�ú� _ þ ÿ ã (C.51)

â R�~ gâ � ç �VT � ä Ä O´¸=� Å _E i	j ä á � ú ² i ÷[æ á } r�ú� ã þ ÿ á � þ ÿ æ �� þ�ÿ ã�ã (C.52)

sofar, nosimplificationsareintroduced;inspectingTableC.1 Ú Ì T�b'Iû� furtheris in the
rangeof HVI6K F�� F�HVI6§ give that b'Iû� F " � ÿ�+ "" � ÿ F b'I	W , further HVI6X�L`L�F�} r#ú F���L`L
( } ú ² i ÷ T��>H>L`L ) suchthatneglectingtheterm

" � ÿ + "" � ÿ will nothavea largeinfluence.

Neglectingtheterm
" � ÿ + "" � ÿ leaveuswith:

â Í ~ gâ E T Ä ¼ � æ ¼� Å ä Ù g ä � ä Ä Oy¸ �ÑÅ _E i6j ä á � ú ² i ÷[æ á } r�ú� ã þ�ÿòã (C.53)

â Í ~ gâ E T Í ~ g ä � ä Ä Oy¸ � Å _E i	j (C.54)

ü dry pressuredrop:
Í õ ÷.ù

¾�¿ õ ÷.ù T Á ä Ù ehg ä }�õ ÷�ù ä b�H $ Ì (C.55)
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}¡õ ÷.ù T XVb½ _r ä � _� ä Ù e ZÙ ehg (C.56)

� � T E i	j ä Í�Î�ZÙ e Z ä ¼�, ÷.²�² (C.57)

Í õ ÷.ù T ¼� ä Ù g ä ¾�¿ õ ÷.ùÁ ä Ù ehg (C.58)

â Í õ ÷.ùâ E T ¼� ä Ù g ä b�H $ Ì ä â }�õ ÷�ùâ E (C.59)

Í õ ÷.ù T ¼� ä Ù g ä b�H $ Ì ä XVb½ _r ä Ä E i	j ä Í�Î�ZÙ e Z ä ¼�, ÷.²�² Å _ ä Ù e
ZÙ ehg (C.60)

â Í õ ÷.ùâ E ç �JT�K Í õ ÷.ùE i	j (C.61)ü Í õÊª gûr o�o liquid heightdueto pressuredropunderdowncomerÍ õòª gûr o#o T ¼� ä Ù g ä }¡õÊª gûr o�o (C.62)

¾�- ª gûr o�o T Ù ehg ä Á ä }�õÊª gûr o�o T�é Û ä Ù eqg ä Ô _õ�~ (C.63)

Ô õ�~�T \ r�Þ ® ä Í�Î gÙ ehg ä ¼ ¯ - ÷ r#j (C.64)

}�õÊª gûr o�o T�é ÛÁ ä á \ r#Þ ® ä Í�Î gÙ ehg ä ¼ ¯ - ÷ r�j ã _ (C.65)

â }�õÊª g4r o#oâ \ ç �ýT�K ä }�õÊª gûr o�o\ r�Þ ® (C.66)

â Í õÊª g4r o�oâ \ ç �hT ¼� ä Ù g ä â }�õÊª g4r o#oâ \ ç � (C.67)

â Í õÊª gûr o�oâ \ ç � T ¼� ä Ù g ä K ä }�õòª gûr o#o\ r�Þ ® T�K Í õÊª gûr o�o\ r�Þ ® (C.68)
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} r�ú T��'�D�'H>H ä á \ r�Þ ® ä Í�Î gÙ ehg ä HJI	X ä À ú ² i ÷ ã (C.70)

â Í r�úâ \ ç �[T ¼ � ä Ù g ä â } r�úâ \ ç � (C.71)

â } r�úâ \ ç �hTóHJI	§>H>� ä �'�D�>H'H ä á Í�Î gÙ ehg ä HJI	X ä À ú ² i ÷ ã (C.72)

â Í r�úâ \ ç �[T�HJI	§>H>� ä Í r#ú\ r�Þ ® (C.73)

C.4 Summary: Hydraulic time constants

Listing thechangesin holdupasequivalentliquid heights

����T Ä â Í õ ÷.ùâ � Å�� æ Ä â Í ~ gâ � Å�� (C.74)

�º�?T Ä â Í gûr o#oâ � Å�� æ Ä â Í r�úâ � Åô� (C.75)

â Í õ ÷.ùâ E ç �JT ¼� ä Ù g ä b�H $ Ì ä â }¡õ ÷.ùâ E ç � (C.76)

â Í ~ gâ E ç �JT Ä ¼ � æ ¼� Å ä Ù g ä â R�~ gâ E ç � (C.77)

â Í õÊª gûr o�oâ \ ç �[T ¼� ä Ù g ä â }�õÊª g4r o#oâ \ ç � (C.78)
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â Í r�úâ \ ç �ýT ¼ � ä Ù g ä â } r�úâ \ ç � (C.79)

�©�ÉT Ù � ä á ¼� ä b�H $ Ì ä â }¡õ ÷.ùâ E ç � æ Ä ¼ � æ ¼� Å ä â R�~ gâ E ç � ã (C.80)

�©�?T Ù � ä á ¼� ä â }�õòª gûr o#oâ \ ç � æ ¼ � ä â } r�úâ \ ç � ã (C.81)

Ý`T�é �©��©� T b�H $ Ì ä Ä ì ��.*/10ì � Å�� æ32(4 � + 4 �4 � 5 ä Ä ì76*8 èì � Å��4:94 � ä Ä ì � �! ì � Åô� æ Ä ì � .&; è � �<�ì � Å�� (C.82)

in our case:
¼ �Âö b�H ä ¼� , mostinfluenceby ì ��.7/10ì � and ì � �! ì �expressthelinearizedtray hydraulicson aholdupbasisgive:

â Í õ ÷.ùâ E ç ��T�K Í õ ÷.ùE i6j (C.83)

â Í ~ gâ E T Í ~ g ä � ä Ä Oy¸ �ÑÅ�_E i6j (C.84)

â Í õÊª g4r o�oâ \ ç �ýT�K Í õÊª gûr o�o\ r#Þ ® (C.85)

â Í r�úâ \ ç �[T�HVI6§>H�� ä Í r�ú\ r�Þ ® (C.86)

�©�ÉT�K Í õ ÷�ùE i6j æ Í ~ g ä � ä Ä Oy¸ �ÑÅ _E i6j (C.87)

�©�?T�K Í õÊª g4r o#o\ r�Þ ® æ HJI6§�H>� ä Í r�ú\ r�Þ ® (C.88)

Ý T�é ����º� T K ä Í õ ÷.ù æ Í ~ g � ä Ä Oy¸ � Å _K ä Í õÊª gûr o�o=æ HJI	§>H>� Í r�ú ä \ r#Þ ®E i6j (C.89)
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Applying theabovegivenformulas,enableto estimatethehydraulictimeconstantsgiven
in TableC.2.Thenecessarydataarethedesgindataof adistillationcolumn(givenin chapter
A) aswell asreflux andfeedflow, reboilerheatinputandtheir respectiveperturbations.

TableC.2: Operationalparametersdeterminedfrom linearizedtray hydraulics

dim. Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6\ LNO:P�L`x�¸ 250.0 250.0 380.0 450.0 470.0 470.0¶ \
ml/min 0.0 0.0 + 52.8 -35.7 + 88.4 0/0Y LNO:P�L`x�¸ 250.0 250.0 250.0 250.0 350.0 350.0£¥¤ �f ¡P'Q 3.75 3.6 4.5 5.4 5.79 6.45¶ £¥¤ �f ¡P'Q -0.45 + 0.45 0.0 0.0 0.0 + 1.58¿ Ï ® e LNtnuDv 21.9 20.6 26.0 32.0 35.3 54.6Ç o LÂP'Q 0.0160 0.0154 0.0192 0.0230 0.0247 0.0275� r#ú ª ® mm 0.9163 0.9163 1.1141 1.3202 1.4290 1.4290� ~ g ª ® mm 10.1386 10.4637 8.9102 7.7550 7.3665 6.6277Í Þnú ª ® mol 1.0383 1.0749 0.8777 0.7245 0.6685 0.5853Í r�ú ª ® mol 0.1032 0.1032 0.1254 0.1486 0.1609 0.1609Í õ ÷.ù ª ® mol 0.1605 0.1479 0.2311 0.3327 0.3825 0.4747Í g4r o#o ª ® b�H $ � mol 0.0581 0.0581 0.1012 0.1639 0.2052 0.2052â Í ~ g ª ® P â E s -10.9513 -11.4629 -8.8136 -6.9254 -6.2712 -5.3333â Í õ ÷.ù ª ® P â E s 3.5001 3.3601 4.2002 5.0402 5.4042 6.0202â Í r�ú ª ® P â \ s 1.5891 1.5891 1.4638 1.3629 1.3183 1.3183â Í gûr o�o ª ® P â \ b�H $ � s 2.2635 2.2635 2.9878 3.8027 4.2554 4.2554� ® 0.3074 0.3182 0.2599 0.2145 0.1979 0.1733� g ª ® s 1.5914 1.5914 1.4668 1.3667 1.3225 1.3225� Z ª ® s -7.4512 -8.1028 -4.6134 -1.8852 -0.8670 0.6869Ý ® 4.6822 5.0916 3.1453 1.3794 0.6555 -0.5194� r�ú ª Ï mm 1.5272 1.5272 1.6902 1.8659 2.1564 2.1564� ~ g ª Ï mm 18.3793 18.6182 17.4453 16.4803 16.3245 15.6246Í Þnú ª Ï mol 1.8973 1.9242 1.7738 1.6454 1.5951 1.5163Í r�ú ª Ï mol 0.1719 0.1719 0.1903 0.2101 0.2428 0.2428Í õ ÷.ù ª Ï mol 0.1605 0.1479 0.2311 0.3327 0.3825 0.4747Í gûr o�o ª Ï b�H $ � mol 0.2479 0.2479 0.3306 0.4370 0.6605 0.6605â Í ~ g ª Ï�P â E s -8.1108 -8.3594 -7.0565 -6.0912 -5.7450 -5.2334â Í õ ÷.ù ª Ï�P â E s 3.5001 3.3601 4.2002 5.0402 5.4042 6.0202â Í r�ú ª Ï�P â \ s 1.2819 1.2819 1.2285 1.1784 1.1089 1.1089â Í g4r o#o ª Ï�P â \ b�H $ � s 4.6768 4.6768 5.4012 6.2160 7.6341 7.6341�pÏ 0.5617 0.5697 0.5252 0.4871 0.4723 0.4489� g ª Ï s 1.2866 1.2866 1.2339 1.1846 1.1165 1.1165� Z ª Ï s -4.6107 -4.993 -2.8564 -1.0511 -0.3408 0.7868Ý¡Ï 3.5836 3.8856 2.3150 0.8872 0.3052 -0.7047
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C.4.1 Comparison: Experiment - Simulation

Thebehavior of vaporandliquid flows aswell asthechangesin holdupdistribution during
transientoperationwill be demonstrated.Stepchangesin the manipulatedvariableswere
performedandtheresponsesof themodelsandtherealprocessarecompared.Theresponses
arerecordedfor open-loopoperation.

The responseof vapor and liquid flows as well as the changesin holdup distribution
during transientoperationwill bedemonstrated.Stepchangesin themanipulatedvariables
wereperformedandthe responsesof the modelsandthe real processarecompared.The
volumetric reflux and the heatsupply to the reboileraresetmanually. FigureC.2 shows
the reponseof the productcompositionto a stepin reboilerheatinput (Experiment1, see
AppendixB for experimentaldata).

Thetemperatureprofileof Experiment1 with areductionin heatsupplyandtherigourous
modelis comparedin FigureC.3.Reasonableagreementbetweensimualtionandexperiment
hasbeenfoundfor thetime interval H F�z�F�K�H'HDQ , for increasingtimesdeviationsbetween
simulationandexperimentis increasing.
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Appendix D

Multi vesselBatch Distillation,
Modeling aspects

D.1 Intr oduction

In this sectionmodelingaspectsfor the simulationstudiesfor the evaluationmultivessel
batchdistillation columnareconsidered.Themodelappliedfor massandcompositionbal-
ancesis presented,further, threedifferentmethodsto computethetray temperatures,based
on the liquid compositionon the traysareconsidered.The chosenmethodsare: a) linear
temperaturecurve, b) Clausisus-Clapeyron approximationandc) the Antoine-equation.A
reasonablecorrectcomputationof the temperatureis necessary, sincethepropasedcontrol
structureis basedon the assumptionthat a uniquerelationbetweenthecompositionin the
middleof acolumnsectionandthemeasuredtemperatureexists.

Theherepresentedsimulationsareperformedto allow for thecomparisonof thesemod-
elsandto verify theapplicabiltyof thechoosentemperature-compositionrelation. Further,
thebasicdesignof a multivesselbatchdistillation columnfor theseparationof a four com-
ponentmixtureconsistingof methanol,ethanol,1-propanoland1-butanolis presented.

D.2 Simulation model

D.2.1 Massand ComponentBalance

Themodelusedin thesimulationsis basedon thefollowing assumptions:ü constantrelativevolatilityü constantmolarliquid holdupson thestages(liquid flow dynamicsneglect)ü constantmolarvaporflows E i (energy balanceneglected)ü constantpressureü constanttray efficiency (100%)
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D. Multi vesselBatch Distillation,

Modeling aspectsü negligible vaporholdupü perfectmixing onall traysandin all vesselsü total condenser

Thedistillation columnis modeledasa stackof stages(countedfrom thetop) asshown
in FigureD.1. Notethatthevaporflow E doesnot passthroughtheintermediatevesselsso
thesedonot contributeto thenumberof theoreticalstages.

Themodelfor stage� in sectionx consistsof a materialbalancefor eachcomponent=
(
Í l is assumedconstant)Í l ¾ Ö?> ª l¾ z T \ i Ä Ö?> ª l $ � é Ö?> ª l Å æ E Ä Õ@> ª l + � é Õ@> ª l Å (D.1)

Thematerialbalancefor acondenser( xhT�b ) is¾ Ä Í i Ö?> ª i Å¾ z T�E Õ#> + � ª i é \ i Ö?> ª i (D.2)

andits massbalance ¾ Í i¾ z T�E é \ i (D.3)

For intermediatevessels( x ) ¾ Ä Í i Ö?> ª i Å¾ z T \ i $ � Ö?> $ � ª i é \ i Ö?> ª i (D.4)

with ¾ Í i¾ z T \ i $ � é \ i (D.5)

where Ö i is thecompositionin vesselx and Ö?> $ � ª i is theliquid compositionat thebottomof
thesectionabove. Theliquid flow

\ i leaving vesselx is setby acontrolvalve.
Thereboiler( xhTBA ) ¾ Ä Í i Ö?> ª i Å¾ z T \ i $ � Ö?> ª i é�E Õ#> ª i (D.6)

where ¾ Í i¾ z T \ i $ � é�E (D.7)

whereagainthevaporliquid equilibriumis describedby EquationD.8.
Theabove presentedmodelsof stage,reboilerandcondenserof themultivesselcolumn

arereadilyextendedfor a continuouscolumns,by addinga feedto thestagemodel,aswell
asproductflow to condenser,

À i , andreboiler, C i , respectively.
Additional to component(Eq: D.1), massbalances(Eq: D.3), andvapor-liquid equilib-

rium (Eq. D.8) equationsto computethetemperaturetheboiling mixturearerequired.
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FigureD.1: Connectionof traysandvesselsfor multivesslebatchcolumn

D.2.2 Vapor Liquid Equilibrium

The vaporliquid equilibrium datawhich wereusedto determinethe valueof the constant
relative volatilites areshown in FigureD.2. Fromthis plot, the relative volatilitesgiven in
equationD.13for thebinarysystemsaredetermined.

Thevaporliquid equilibriumisdescribedby

×�> ª D T Ç >Ç D T Õ@> ª l P Ö?> ª lÕ Dýª l P Ö Dýª l (D.8)

where � denotestheheaviestcomponentin themixture.Therelativevolatilitesfor thesim-
ulationstudieswerechosento × T s b�HJI6KÆÈÊ��I	XVÈnKVI4�JÈ�b©w , thosedataarecloseto theexperimental
datapresentedin chapter4.

D.2.3 Thermodynamic model

For thecomputationof theboiling point of theliquid mixturethreealternativesarechosen:
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Modeling aspects
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FigureD.2: Vapor-liquid equilibrium of the binary systemsmethanol-butanol( × � b@E:FHG );
ethanol-butanol( × � �:FHI ) and1-propanol-1-butanol( × � G?F	� )ü linearcombinationof concentrationandthepurecomponentboiling pointsÓ i�J K 8L >�M � Ö(N ª > ä Ó Ï�ª > (D.9)

where
Ó Ï�ª > JPORQTS FVUVÈWU�:FVXVÈ�YZU[FVGVÈ@\]\�U[FHU_^a` ½b thetotal pressureis computedfrom Raoult’sLaw for idealmixtures¿ ® ` ® J K 8L >%M � Ö(N ª > ä ¿�c ¯�®> Ä Ó Å (D.10)

andtheClausius-Clapeyronequationfor thepurevaporpressuresis appliedto compute
boiling point of themixture¿�c ¯�®> Ä Ó Å Jed Ö ¿ á é ¶ �gf ¯ - ª >A á \Ó N æ G]UTX:Fh\_I é \Ó Ï�ª > æ G]UTX:Fh\_I ã¨ã (D.11)

with the gasconstantA J :FiX:\ Skj�l(m]j[npo Ç , the heatof vaporizationof the compo-
nentsis chosento q �gf&r -@s > JPO XZI?FVEJÈtX]u:FVUVÈ S \]FVGVÈ S X:Fv\ S ^ j�l(m]j[npwxo anda total pressureof¿zy ` y J U Q E n{n � Á J \�E:\�X np|W}�~ .b thethird alternativeappliesRaoult’s law for thepressurecomputationandtheAntoine
equationto determinetheboiling temperaturesof themixtureo!w Á �!� ¿ c r y> Ä Ó Å J ¼ é CÓ æ ½ (D.12)
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with

TableD.1: Antoineparameters,for 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

Simulationmodelspresentedin sectionD.2 arecomparedto eachother.
In thesimulationswe consideranequimolarfeedmixtures �@� J�O E:FVG]I[��E:FVG]I[�tE:FHGTI[��E:FVG]Ix^ .

In all threepresentedsimulations,the initial (at � J E ) vesselholdupis thesame( � N JG[FVI j[npw�o ) in all four vessels,andtheinitial compositionin all vesselsis equalto thatof the
feedmixture. In all simulations,the vaporflow is kept constantat � J \@E j[npwxo!m]� . A
summaryof thecolumndesigndatais givenin TableD.2.

TableD.2: Summaryof columndataandinitial conditions

Numberof components ��� J S
Relativevolatility ��� J O \�E[FHG[� S FHI?�WG[FiX:�@\#^
Numberof stagespersection � N J \]\
Vesselholdups � N s � J G[FVI j[npwxo
Trayholdups(constant) ��� J E:FiE:\ j[npwxo
Total initial charge � y ` y J \�E:FiX]X j[npw�o
Refluxflows � N s � J \@E j[npwxo*mT�
Vaporflow (constant) � J \@E j[npwxo!m]�

For controlpurposeweappliedproportional-onlycontrollersq�� J�� ���_�1� N�� � c s N��z� � �
with control parametersgiven in TableD.3, the control tray is situatedin the centerof the
column. For simplicity thecontrollersetpointis chosento theaverageboiling point of the
two componentsto beseparatedin acolumnsection.

In TablesD.3 to D.6 the holdupandvesselcompositionsarepresentedfor simulations
performedwith threedifferentassumptionsconcerningthecomputationof themixtureboil-
ing point temperature.In TableD.4 a linearboiling point curve is applied,whereasin Table
D.5 Raoult’s law andtheClausius-Clapeyron equationis used,finally in TableD.6 theAn-
toineequationis appliedto computevaporpressureof thepurecomponent.Thetrajectories
presentedin FigureD.3 to D.5 show thevesselcompositions(a), impurities(b), holdups(c),
reflux flows(d) andtray temperatures(e)asa functionof time.
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TableD.3: Datafor temperaturecontrollers� c s N O `���^ � � O `t� ��m]j[npwxo ^ � � O�j[npw�o!m]� ^ location ����¡  71.5 -0.25 10 6���£¢ 87.75 -0.25 10 17���£¤ 107.2 -0.25 10 28

* stageno. fromtop of column

TableD.4: Vesselholdupandcompositions,tray temperaturescomputedwith linearboiling
point curve,final batchtime �¦¥ J X:FiX]u �

Vessel1 Vessel2 Vessel3 Vessel4� O�j[npwxo ^ 2.499 2.441 2.538 2.522§   0.993 0.019 0.0 0.0§ ¢ 0.007 0.963 0.041 0.0§ ¤ 0.0 0.018 0.950 0.007§(¨ 0.0 0.0 0.009 0.993

Table D.5: Vesselholdup and compositions,tray temperaturescomputedwith Clausius-
clapeyron,final batchtime �¦¥ J X[F S G �

Vessel1 Vessel2 Vessel3 Vessel4� O�j[npwxo ^ 2.495 2.444 2.539 2.522§   0.993 0.020 0.0 0.0§ ¢ 0.007 0.962 0.041 0.0§ ¤ 0.0 0.018 0.950 0.007§(¨ 0.0 0.0 0.009 0.993

TableD.6: Vesselholdupandcompositions,tray temperaturescomputedwith Antoine,final
batchtime � J G[FiY:\ �

Vessel1 Vessel2 Vessel3 Vessel4� O�j[npwxo ^ 2.509 2.484 2.515 2.492§   0.991 0.017 0.0 0.0§ ¢ 0.009 0.954 0.033 0.0§ ¤ 0.0 0.029 0.950 0.005§(¨ 0.0 0.0 0.017 0.995
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FigureD.3: Thermodynamicmodel: linear boiling point curve: Vesselcompositions(a),
impurities(b), holdups(c), refluxflows (d) andtray temperatures(e)asa functionof time
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FigureD.4: Thermodynamicmodel:Raoult’s law andClausius-Clapeyron equation:Vessel
compositions(a), impurities(b), holdups(c), reflux flows (d) andtray temperatures(e) asa
functionof time
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FigureD.5: Thermodynamicmodel: Raoult’s law andAntoine equation.Vesselcomposi-
tions(a), impurities(b), holdups(c), reflux flows (d) andtray temperatures(e) asa function
of time
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D.4 Designof the experimental system

Thedesignof thedistillationcolumnsfor this initial investigationis basedonshort-cutmeth-
odsfor thedeterminationof thenumberof trays. Usually, short-cutmethodsaresufficient,
providedgoodapproximationsof therelativevolatilitiesof thecomponentsareavailableand
themolarflows in thecolumncanbeassumedconstant.

The determinationof the numberof stagesis possibleby two differentmethods,first
basedon McCabe-Thielediagrams1, secondby applicationof theFenske equationto com-
pute the minimum numberof stagesin a column. For the first method,we have chosen
to combineimpurities to onepseudo-component,wheresby applying the Fenske method
only the main componentspresentin a columnsectionareused. For the experimentalde-
sign of the multivesselbatchwe specify the concentrationin reboilerandaccumulatorof
the main componentto be in excessof e.g.: 96 %, further the amountof imputritesin the
intermediatevesselsis restrictedto asumof 7 %. Further, wespecifythattheimpurity ratio§ ��©(  m § �tª� ¬«�®\ . A summaryof thespecifiedproductcompositionsfor thecolumndesign
is givenin TableD.7.

TableD.7: Specificationof theproductcompositionsfor thepilot plantdesign

vessel1 vessel2 vessel3 vessel4
composition §  #�*�¯  � § ¢x�7�°¢ � § ¤x�*�°¤ � §(¨ �7� ¨��±³²[´ Y Q ±³²:´ Y]X ±�²:´ YTX ±³²:´ Y Q
impurities § ¢x�*�¯  � §(NVµ·¶ �*�°¢ � §(NHµ�¶ �7�°¤ � § ¤x�7� ¨��¸³²[´V² S ¸³²:´V² U�¹ ¸�²:´V² U ¸³²:´i² S
impurity

ratio
§   m § ¤ºP\ § ¢ m §(¨ P\¹ thesumof impuritiesin vesselk is definedas §(NVµ·¶ �7��� � «¼» � M ��©( � M   § � � » � M(½�¾� M ��ª�  § �

Thenumberof traysis determinedbasedon theMcCabe-Thiele-method(1925)for bi-
narysystems,assumingconstantmolarflows throughoutthecolumnandtotal reflux. Based
on binary vapor-liquid equilibrium data(GmehlinandOnken, 1977) the numberof theo-
retical stagesfor operationundertotal reflux is graphicaldetermined. In Figure D.6 we
presentexperimentaldataof the vapor-liquid equilibrium of the binary systemsmethanol-
ethanol(MeOH-EtOH),ethanol-1-propanol(EtOH-PrOH)and1-propanol-1-butanol(PrOH-
BuOH). Basedon the McCabe-Thielediagramspresentedin Fig. D.6 we find that, under
total refluxcondition,weneedat least12 theoreticalstagesto fulfill thegivenspecifications
2. Simultaneously, for thebinaryseparationsof ethanol-propanol9 stagesarerequiredand

1TheMcCabe-Thielemethodis not a shortcut methodif it is appliedto a binarymixture,to facilitatethe
applicationof this methodwe introducedpseudo-componentsto reducethe separationproblemto a binary
separation.In columnsectionone,primarymethanolandethanolareseparated,in vessel2 a concentrationof
approximately¿�À?Á*Â[Ã)Ä°Å_Æ Å�Ç is allowed, in thedeterminationof thenumberof stageswe neglect these5 %
andassumethatthecompositionof thevaporenteringcolumn1 to bein equilibriumwith theliquid holdupof
vessel2.

2Notethatvaporis enteringthecolumnsections,theintermediatevesselsaretreatedasmixing tankswithout
a vaporliquid equilibrium
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for propanol-butanolat least8 stagesplusreboilerarenecessary3.
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FigureD.6: Numberof theoreticalstagesin a columnsectiondeterminedfrom the vapor
liquid equilibriumfor total reflux.

An alternative methodis the estimationof the minimum numberof theoreticalstages
basedon theFenske-equation §(È§ �ÊÉ Ë «B� ½È s � §(È§ �ÊÉÍÌ (D.13)

assumingconstantrelative volatilties andtotal reflux. Introducingthe separationfactor, S
(Shinsky, 1984): Î

« ��ÏWÐÏWÐiÑZÒ � É Ë� ÏWÐÏWÐVÑ]Ò � ÉÍÌ (D.14)

3We roundedthenumberof theoreticalstagesto thenext higherinteger.
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CombineequationsD.13andD.14andapplydatafrom to adjacentvessels(e.g.D andB) the
numberof stagesin asectioncanbecomputedfrom�ÔÓÕ« o�Ö Îo�Ö � È s � (D.15)

Notethattheseequationsareoriginally developpedfor abinarymixturein acontinuousdis-
tillation column,but is hereappliedto abatchcolumnseparatingamulticomponentmixture.

Theresultingnumberof stagesin eachcolumnsectiondeterminedby theMcCabe-Thiele
method(seeFigureD.6) andtheFenske-equationaresummarizedin TableD.8.

TableD.8: Relativevolatilitiesof thefour componentsystemandnumberof stagesnecessary
for thegivenseparationproblem

methanol- ethanol- 1-propanol-
ethanol 1-propanol 1-butanol

relativevolatility � È s � �� !¢º«Ø× ´HÙ]Ú �Û¢�¤£«¼Ü ´ × Ú �Ý¤ ¨ «¼Ü ´ × ²
relativevolatility � È s ¨ ��  ¨ « Ù?´VÞ]² �Û¢ ¨ «eß ´HÚ Ü �Ý¤ ¨ «¼Ü ´ × ²

McCabe-Thiele �ÔÓ s  �àá×_Ü ��Ó s ¢£à¼u ��Ó s ¤âà¼u � ×
Fenske ��Ó s  ãàP×T× ´HÚ�ä ��Ó s ¢âà¼u ´HÚ�å ��Ó s ¤âàæu ´VÙ

Themultivesselbatchdistillationcolumnoperatesundertotalrefluxsuchthatthenumber
of stagesis readilygivenfrom thevapor-liquid equilibriumdata(seeTableD.8), assuming
a (primary)binaryseparationin eachof thecolumnsections(seeFig. D.6). Nevertheless,
thenumberof trayshave to beincreasedespeciallyin themiddlesection,suchthatproduct
qualitiescanbefulfilled. Theassumptionof binaryseparationis valid for thecolumnssepa-
ratingthelightestandnext lightestaswell asheaviestandnext heaviestcomponents.In the
intermediatecolumnsmorethantwo componentsarepresent,suchthatthenumberof stages
hasto beincreased.

Further, theassumptionregardinga lineartemperaturecurve hasto bevalidated,in Fig-
ure D.7 experimentaldata(GmehlinandOnken, 1977)andthe computedtemperatureare
compared.Deviationsin temperaturebetweentheseto modelsat anequimolarcomposition
are qg�·ç¦è!é°« » ½�¾È §(È �[��¥ s Èê� �ë« ìí×]�WÜ ´ Ü[�@× ´HÙxî for the binary systemsmethanol-ethanol,
ethanol-1-propanoland1-propanol-1-butanol,respectively.

D.5 Discussion

The constantrelative volatilites determinedfrom the binary vaporliquid equilibrium data,
with referenceto themostheavy component(1-butanol)areappliedin thesimulationmodel
primarily to allow for a convenientmodel formualation(seeEq. D.8). Onemight argue
that the binary vapor-liquid equilibria for the binary systemsMeOH-EtOH, EtOH-PrOH
and PrOH-BuOHshouldbe applied,as we usedfor the determinationof the numberof
trays in the columnsectionsof the pilot plant. The binary vapor liquid equilibrium data
are � È s ��« ì��Ýï�è�ð�ñ s ò(y ð�ñº��� ò(y ð�ñ s ózô ð�ñ£��� ózô ð�ñ s Ìzõ ð�ñ î « ìí× ´HÙ �WÜ ´ Ü[�WÜ ´ × î , combinethesedata
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suchthat theheaviestcomponentis usedasreference,give � È s Ìzõ ð�ñö«÷ì Ù[´VÞ �tß ´iå �WÜ ´ ×]�@× î . For
the simulationstudieswe applied � È s Ìzõ ð�ñø« ìí× ²:´ Ü[�tß ´HÚ ��Ü ´Vä �@× î whereall componentsare
directly relatedto butanol. It canbe seenthat the applicationof the two “set” of relative
volatilities will only have influenceon thesplit of methanol-ethanol.Thedifferencewill be
in theshapeof theresponse,theseparationwill beslightly slower andfurther thepurity of
theproductwill belessfor a givennumberof stagesbecauseof thelower relative volatility
betweencomponet1 ans2. Nevertheless,considerthesplit of thesetwo componentssimply
by adjustingthe numberof trays the productpurity will increaseand the batchtime will
decrease.
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FigureD.7: Comparisonlineartemperaturecureto experimentaldata

The above presentedsimulationsareperformedwith differentproceduresto determine
theboiling pointof themixturesalongthecolumn.Thelinearboiling curveassumptionmay
seemvery crude. However, comparisonof the simulationperformedwith this assumption
show only minor deviationsfrom simultionsperformedwith Raoult’s law for idealmixtures
andtheClausius-Clapeyronequationfor thepurecomponentvaporpressure.TheClausius-
Clapeyron equationgive reasonableresultsof thevapor-pressurerelationover thetempera-
ture rangefrom the triple-point to the critical point. For generalusethe Antoine-equation
is preferedto approximatethe vapor-pressurerelation. Nevertheless,ascanbe seenfrom
theabovepresentedsimulations,only minor deviationsexist betweenthethreemodels.The
controlledtemperatureresponsesarecloseto eachother, bothin shapeandtime.

Theconstantmolarflowsflow assuption,seesectionD, hasto becomparedto avariation
in heatof vaporizationin theorderof 20 % with respectto theheaviestcomponent.Imple-
mentationof anenergy balancein themodelwill havesomeinfluenceonthedynamics,since
a variationin theheatof vaporization,assumedadiabticoperation,result in a considerable
changein molarflowsthroughoutthecolumn.Thiswill havesomeinfluenceontheduration
of theseparation,but not on thefinal prodcutcompostion.Thefinal productcompositionis
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determinedfrom thevaporliquid equilibrium.Thefinal batchtimeof thesesimulationsvary
from �&ùg«PÜ ´VÞ × � (seeTableD.6 to �&ùg« ä:´ ß�Ü � (seeTableD.5; minor deviationsarefound
for bothvesselcompositionsandvesselholdups.

Thedesignof thecolumnbasedon thevaporliquid equilibriumof thebinarysystemsis
asimpleandstraightforwardprocedure,consideringanidealmixture.Thenumberof stages
determinedby thetwo presentedmethodsarerathercloseto eachother.

D.6 Conclusions

The resultsshow that the assumptionof a linaer boiling point curve for temperaturecom-
putationgive similar resultscomparedto the more advancedsimulationsperformedwith
Rauolt’s law andtheClausius-Clapeyron equationor theAntoineequation.For simplicity,
the linear boiling point curve assupmtionis usedfor further simulations.The comparison
of themodelingassumptions(constantrelativevolatilitiesandlinearboiling point) to vapor-
liquid equilibriumandbubble-pointtemperatureof theexperimentalsystemshow only minor
deviations,suchthat thebasicdesignof theexperimentalcolumnpresentedin chapter4, is
madesimulationswith thedatagivenin TableD.8.

For thepresentedsimulationsthedynamicsandcontrolof themultivesselbatchdistilla-
tion columnareonly slightly affectedon the type of thermodynamicchosen.If the inves-
tigationsaredirectedtowardsthe designof a multivesselbatchdistillation columnwerea
lessidealmixtureis separatedmorerigourousthermodynamicrelationsshouldbeappliedto
determinethelengthof thecolumnsections,furtheroptimizationof thesetpointsandvapor
andliquid flow shouldbeperformedto achieveaminimumbatchtime.

For furtherresearchconsideringthemultivesselbatchdistillation column,thefollowing
orderof increasingcomplexity in thesimulationmodelshouldbeconsidered:ú Investigationson thestart-upof thecolumn:

A modelwith constantrelative volatilies,with either � Èvû È ª�  or � Èaû ñ will be sufficient
to determinea start-upprocedurefor the column with respectto practicability and
minimumtimeconsumption,assumeda ratheridealmixtureis considered.ú For optimizationswith respectto lessideal mixtures,the vapor liquid equilibroium
couldbedescribedby:

1. implementK-values,dependenton T andP

2. implementK-values,dependenton T, p, §(È , ü Èú For investigationsconsideringthe applicationof the processfor non-idealmixtures,
rigourousthermodynamicswith mass,componentandenergy balancemodeledasan
UV-flashshouldbeconsidered.

Theabove presentedorderof modelcomplexity shouldbeappliedfor researchdirected
towardstheapplicationof themultivesselbatchdistillationcolumnto separatemixtureswith
azeotropesandheteroazeotropeswith theproposedfeedbackcontrolstructure.
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Appendix E

Experiments: Multi vesselBatch
Distillation

In thischapter, someof theexperimentsperformedduringthedevelopmentof themultivessel
batchdistillation columnarepresented.Theseexperimentswereperformedto develop the
multivesselbatchdistillationcolumnfrom it’ sinitial designto workingconditions,aswell to
improvetheoperationprecedure.Notewepresentonly a few of theperformedexperiments,
acompletelisting of experimentswith themostimportantdatais givenin chapter4. Thepro-
cessitself andtheoperationstrategiesarepresentedprevioulsyin chapter4, theexperimental
setup is presentedin chapterA, we referto theseschaptersfor moreinformation.

E.1 Experiment 1

The experimentwasstartedfrom an emptycolumnandall liquid collectedin the reboiler.
Thetemperatureof thesystemwas �ý«BÜ ²�þ � , suchthatapproximately0.5h areusedto heat
up thereboilerchargeandintroducevaporto thecolumn. Reboilerduty at “steadystate”(
which is heredefinedasexperimenttermination)for theexperimentperformed28.novem-
ber.1995is computedfrom a control signalu = 4 (40 % on) which correspondsto a heat
input of ÿ�¥�à ä]ÚT²������

.
The experimentis performedwith PI-controllers( ��� « ß ´VÚ	��
��	�� Ö·� , ���k« ä[´HÚ	�� Ö )

to achieve offset free tracking of the temperaturein the columns. The PI-controllerare
necessaryfor a ratherfaststabilizationof thecontrolledtemperaturesin thecolumn.

As soonasvaporwascondensedthecontrollersof thevalveswereactivated(seeFigure
E.2, bottom),the initial increasein temperatureforce thePI-controllersto openthe valves
( �g« ²[´HÚ � ) andclosethemassoonastemperaturestabilizes.The fast initial temperature
increaseis causedby (primary)methanolvaporenteringthecolumn,beingcondensedand
recycledto thecolumn.

Thisprocedureis choosenasaninitial operationstrategy, vesselsarefilled uponstart-up
andliquid is introducedto thecolumnsectionassoonasthecontrollersareactivated.The
experimentwasperformedwith trackingof all setpoints(T1.2,T2.2andT3.2)from thestart
andwithoutaminimumreflux to thecolumnsections.Thefinal productcompositionof this
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experimentis shown in TableE.1, we seethat even if the temperaturesetpointin column
section2 is achieved (seeFigureE.1) we do not achieve the desiredproductcomposition.
Thedesiredproductcompositionis in excessof x = 0.95of themaincomponent.

Initial feedchargeAnalysis of final product composition

TableE.1: Initial feedcharge
component methanol ethanol n-propanol n-butanol

density ��� �	� ¤ 791.4 789.3 803.5 809.8
molarweight ��� � � ����
 32.04 46.07 60.11 74.12��� Ó��é�� ¶ � ���	����
 35.0 38.7 41.22 43.14

volum



0.4 0.53 0.64 1.2
holdup

����

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

Experiment0: 27. november. 1995
Vessel1 0.982 0.016 0.002 0.000
Vessel2 0.012 0.960 0.021 0.008
Vessel3 0.003 0.041 0.924 0.032
Vessel4 0.001 0.002 0.050 0.947

Experiment1: 28. november. 1995
Vessel1 0.9693 0.0304 0.0002 0.0000
Vessel2 0.4258 0.5473 0.0244 0.0025
Vessel3 0.0017 0.0480 0.9432 0.0071
Vessel4 0.0015 0.0021 0.0867 0.9098

Note: Experiment0 wasa trainingexperiment,to achievesamplesfor GC-test
andfinal testof equipment,no dataloggingduring theexperiment

Analysisof experiment0 and1 showsthatevenif all temperaturesetpointsin thecolumn
sectionsaresatisfied,it doesnot necessarilymeanthatalsothecompositionsin thevessels
meettheproductrequirements.Thetemperatureprofile in columncorrespondsto simulation
wherewe have anequalcompositionof themaincomponentof § ±Ø²:´VÞ

in thevessels.On
contrary, experiment1 resultin a ratioof MeOH:EtOH= 1:1.

Problemsduring this experimentarisedueto the accumulationof an excessof lighter
componentsin accumulatorandintermediatevessels.Thereboilerwasalmostemptiedwhen
reflux ( �â  ) wasrecycled at �g« × ´VÚ � . The stepin temperaturein vesselB at � « × ´HÚ � is
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dueto the mannervesseltemperaturecontrol is performed,the heateris activatedwhena
constantreflux flow is achieved.

The temperatureresponsesin vessels1 to 4 and in columnsection1 to 3 is shown in
figureE.1. We seethat thetemperaturecontrolof thevesselsis rathernoisy. Usethevessel
temperatureasindicationfor thecompositionis correctfor a “primary” binarymixture,but
will giveanon-uniquerelationcomposition-temperaturefor amulti-componentmixture.

Themanipulatedvariablesreboilerheatduty ÿ�¥ andthesignalto therefluxcontrolvalves
is shown in figureE.2. In FigureE.2wepresentthemanipulatedvariablesreboilerheatdutyÿ�¥ [ � ����� ] andtherefluxflow controlsignals� È (in % time thesolenoidvalve is open).

Discussionof experiment
From figure E.2 we find at steadystate � ± ß ´VÚ � the valvesareopenfor �êé û  g« ß ²�� ;��é û ¢£«¼Ü Ú�� ; ��é û ¤£« Ú]Ù��

of their cycle time. This is ��é û  ã« ²:´VÙ ����é û ¤ and ��é û ¢º« ²[´ ß ä ����é û ¤ .
From an estimationof the volumetricreflux flow, assumingconstantmolar liquid ( � µ  g«� µ ¢£«B� µ ¤ ) andvaporflow � in thecolumn(totalrefluxoperationatsteadystate)weexpect
to geta reflux onvolumebasiswhich is

� µ û È «! ï�è7ð�ñ ¹º��é û ï�è�ð�ñ� ï�è7ð�ñ «! ò#" ð�ñ�¹£��é û ò#" ð�ñ� ò#" ð�ñ «$ ózô ð�ñ ¹º��é û ózô ð�ñ� ózô ð�ñ (E.1)

Weexpectto haveoneprimarycomponentandthusassumethatwe canneglectmixture
effectsandassumethattheflow regimesin all theevalvesareidentical.With thevolumetric
flow of ��é û ï�è�ð�ñ «B�ê¤ asbasis,weexpectthat:

��é û ózô ð�ñ¯«$ ï�è7ð�ñ ózô ð�ñ � � ózô ð�ñ� ï�è�ð�ñ �@�êé û ï�è7ð�ñ (E.2)

Due to the similar densityof the componentsat boiling point  ï�è�ð�ñ �  ózô ð�ñ� × , by
neglectingthis influencewecanestimatetheliquid flow ratios.

�â  «��êé û ózô ð�ñ¯ � ózô ð�ñ� ï�è7ð�ñ �_��é û ï�è7ð�ñ « × ´&%�% ����é û ï�è�ð�ñ (E.3)

�ê¢º«���é û ò#" ð�ñ¯ � ò#" ð�ñ� ï�è7ð�ñ �_�êé û ï�è7ð�ñ¯« × ´ ß]ß��_�êé û ï�è7ð�ñ (E.4)

During start-upfrom a cold columnwe primary have light componentsin the column
sections(methanoland ethanol),thesecomponentshave lower boiling points. The final
productcompositionwill be wrong whenonly the temperaturein the columnis observed,
without observingthereflux flow ratio’s lighter componentwill beaccumulated/recycledin
the lower sections(thereflux valvesareclosedinitially until holdupis established)andnot
(asexpected)accumulatein theuppervessels.Thisrecycling of light componentin thelower
columnsectionsenablestheimplementationof thetemperaturesetpointswith low volumet-
ric reflux flows,dueto thelow boiling pointof themixture.

Impr ovementof Experiments



244 E. Experiments: Multi vesselBatch Distillationú Avoid flooding in thecolumnduringstart-up,if thecolumnis (partially) floodedthe
separationefficiency will be reduced.Floodingtowardsthe endof the separationis
causedby thechangingmolecularweightof themixturein thebottom.Ascomposition§(¨ increasesandthevaporflow is keptconstant,thecolumnwill beoverloadeddueto
theincreasein molecularweight.
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FigureE.1: Temperatureresponses,experiment1

Floodingof the column is most likely when §(¨ increases,sincethe massflows are
extensive ( � Ìzõ ð�ñ « Ü �:� ï�è7ð�ñ ), suchthat the heatinput hasto be reducedover
thecourseof theexperiment.Furthertheviscosityof butanol(component4) is larger
comparedto methanol,suchthat theflow regime in thecolumnis changingdueto a
changein composition.ú Oscillationsin liquid temperatureoutof vessels2 and3 is mostprobablycausedby the
chosensetpoint(shouldbewell below boiling point of mixture). Thesetpointshould
be set to the averageof the columntemperatureabove andbelow the vesselduring
start-upto avoid local boiler. Towardsthe endof the separation,the setpointshould
besetsuchthat �('*è " «���¥ � × . Additionally detunetemperaturecontroller, lowergain
andincreaseintegral time.ú Oscillationsin temperatureof vessel2 arecausedby combinationof oscillationsin
reflux to columnsection2 andoscillationsin theheatinput to vessel3 aswell asthe
chosentemperaturesetpointin this vessel. Additional vapor is sendinto column2
from vessel2 which result in an increasein temperatureat the sensorfor ��¢*) ¢ , give
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an increasein liquid flow from the vesselabove, suchthat more light componentis
recycledto thecolumn.This in turn increasetheamountof light componentin vesssel
B, sincetheboiling pointof thelight componentis lowerandthemixtureboiling point
temperaturein the vesseldecrease.The controller will try to keepthe temperature
constantandincreasetheheatinput. If we isolatethis effect, thepositive feedbackin
this lop will resultin anunstableoperation,sinceliquid will accumulatein thecolumn
(simultaneousincreassein bothliquid andvapor).

This effect is similar to theinteractionsin a onepoint controlschemeof a continuous
distillation column (LV-control), where the productcompositionis controlledby a
temperaturesensorin thecenterof thecolumnandreboilertemperature/composition
is keptconstant.
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FigureE.2: Manipulatedvariables,experiment1ú Oscillationsin temperature�·¢*) ¢ , �ê¢ and � Ì matchratherwell from the frequency of
oscillations,thusthereflux controllerhasto bedetunedandthesetpointof thevessel
temperaturehasto beadjustedto avooidanintermediateboiler.ú Theincreasein heavy componentin thereboilergive anincreasein heatof vaporiza-
tion by approximately22 % over time, if thevaporflow is assumedto beconstant(on
a molar basis)we have to have a higherenergy input to the reboileras §(¨ increases.
Nevertheless,theeffect of viscosityandmolecularweightenforcea reductionin heat
input asbutanolcompositionincreasesto keepthecolumnoperating.

The heatinput is reducedover time due to the fact that the temperaturedifference
betweenthe reboilersurfaceandthe reboilerholdupdecreaseover time. Adjust the
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surfacetemperaturesetpointsuchthat
� �¼«¼�(' õ ô ù+�&�1è � � ¨ «-, � Ö � � , thusby control-

ling the temperaturedifferencebetweenreboilerholdupandheatingelementsurface
wecanadjustthevaporflow.

1. Accordingto dataprovidedby the vendor, it shouldbe possibleto operateat a
reboilerduty of ÿ Ì  Ú�²]²������

. Assumingconstantheattransfersurfaceandco-
efficient, we shouldbeableto increasethe temperaturedifferenceat �/. 0 to� � « × ÚT²�þ � . Previousexperimentsshowedthat this correspondsto anopera-
tion point closeto flooding. Temporaryincreasein reflux at this operationpoint
in thelowestcolumnresultin flooding.

2. Keepthe surfacetemperatureof the reboilerconstant,simultaneouslythe tem-
peratureinsidethevesselis changingwhich resultin a reductionin temperature
differencefrom heatingelementto vessel.Fromtheheatinput ÿ Ì «B� � � é�� ¶ «132 � � , weareactuallyreducingtheheatinputduringtheexperiment.Addition-
ally theheattransferzone(assumedinner surfacecovert with liquid) decreases
which reducethe heattransferedto the system. This effect canbe reducedby
changingthecontrolstructureto controlthetemperaturedifference

� � between
reboilerholdupandheatingsurface,insteadof controlling thesurfacetempera-
turealone.ú Avoid accumulationof light componentin columnandemptyingthereboilerby setting

aminimumreflux.

1. Setconstant(minimum)volumetricrefluxflow for all theerefluxcontrollersand
build up thelevelsin accumulatorandintermediatevesselslowly, e.g:L1 = L2 =
L3.

2. Userefluxflow controllerin thetopsection(separationof methanolandethanol)
to computetheflow basedon thetemperaturemeasurement.During start-upwe
haveprimarymethanolandethanolin thecolumn.Thustheliquid returnedfrom
vessel’s above consist’s primaryof light component,to remove the lighter com-
ponentswehaveto reintroducetheliquid into to thecolumn,andnotaccumulate
it for a considerabletime (increaseamountof light component)in therespective
vessels.Light componentsaccumulatedin the lower vesselswill increasethe
distillation time sincethe lighter componentwill be kept in the lower part and
not transportedtowardsthecoumntop.
The volumetric flows from vessel2 and3 are computedbasedon the amount
recycled from the accumulator. Basedon the theoreticalflows, we could use�ê¤�« × ´&%�% �Z�ê¤ and �ê¢�« × ´ ß]ß��Z�ê¤ . This result in a start-upproceduresimilar
to total reflux start-upof a conventionalbatchor continuousdistillation column
sincethe intermediatevesselsareopenandonly a minor amountis kept back.
Advantagefrom this procedurewill be a more“controlled” establishingof the
compositionprofile over the column. Also will the accumulationof light com-
ponentin the intermediatevesselsbe reduced. Nevertheless,the filling of the
intermediatevesselswill requirethat we set the minimum reflux flow ratio of
approximately1 to achieveanaccumulationof liquid in theintermediatevessels
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Comparison experiment1 and simulation
Differencesbetweenexperimentandsimulation:ú in simulationwe have distributedliquid evenly over thevesselsandreboiler, all com-

positionsareidenticalandliquid atboiling point, this is westartthecolumn“hot”ú westarttheexperimentfrom acoldcolumn,all liquid with atemperatureof �ý«¼Ü ² þ �
collectedin reboilerú preheaterfor liquid in vesselsarein operationafteraconstantrefluxflow is achievedú PI-controllersin experimentwherethe integral time is increasedas time increases,
final integral time �4�£«BÜ ²5�� Ö .

We primarily redistributeliquid insidethecolumnaccordingtheir boiling points.The
maximumachievablesteadystatecompositionin thevesselsis determinedby thenum-
ber of stagesin eachsection. The split betweencomponents(pseudo-binary, lower
thanmaximumachievableconcentration)is determinedby the choiceof setpointin
thecolumnsectionbetweenvessels.Increasethesetpointwill reducetheamountof
light componentin thelower vesselandsimultaneouslyincreasetheamountof heavy
componentin thevesselabove thesensorlocation.

TableE.3: Comparisonexperimentandsimulationat final steadystate

Experiment Simulation

composition 0.243 0.224 0.210 0.323 0.25 0.25 0.25 0.25
initial charge 40.62mol 10.33kmol
vaporflow 27.23mol/h 10 kmol/h

boilup 1.49h 1 h
Note: Thevaporflow in theexperimentis computedwith anaverage

heatof vaporizationof
� � é�� ¶ «eß ² � ���	����


Impr ovementson experimental procedureú Controlstrategychangedsuchthatminimumreflux2 and3 aredependentonthereflux
to columnsection1, chosenasdefault �ê¢ û µÝÈ76 « ²:´&% �â  and �ê¤ û µÝÈ76 « ²:´&% �â ú Thepositionof temperaturemeasurementin vesselshasbeenmovedto thepipecon-
nectingvesselandcontrol valve to give morestabelmeasurementof the liquid tem-
peratureú Temperaturesetpointto the auxiliary heatersreducedto reduceposibility of an in-
termediatereboiler, the heatingtapesareonly usedto compensatefor possibleheat
losses.
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E.2 Experiment 2, 06.december.1995

Experimentperformedat06.december.1995with aaheatinputof ÿ�¥ Bß ÚT²������ . Experiment
performedwith “0.8 * total reflux” duringstart-up,reasonfor this is to establishsimulata-
neouslya compositionprofile over columnandthevesselholdups.Reflux is out of vessels
is necessaryto ensurethat light componentarecarriedtowardsthe columntop andnot be
accumulatedin theintermediatevessels.Thepolicy would beslightly differentif thevapor
waspassingthoughthevesselholdupandnot aswebuild it is bypassed.

Experimental procedure
The reboilerwasfilled with approximately2 l of an alcoholmixture containingmethanol,
ethanol,n-propanolandn-butanol.Theentiremixturewasfed to thereboiler. Thecontroller
of thereboilerwasactivatedandthemixturewasheatedup. Vaporrising thoughthecolumn
is condensedin thecondenserandaninitial amountof approximately100ml is accumulated
in vessel1, reflux from vessel1 to theuppermostcolumnis introducedassoonasliquid is
available. Whenthe temperaturein thecenterof section1 ( ��¢*) ¢ )is closeto thechosenset-
point, thecontrolleris placedin automatic.Theminimumreflux from reflux controlvalves�ê¢ and �ê¤ is setin relationto theflow computedby thecontrollerwhichcontrols�â  . During
start-upwechosea minimumflow of 80% to ensurethatliquid holdupis build-up in vessel
2 and3. Thepreheaterof thevesselswhich compensatefor heatlossareactivatedassoon
asliquid is accumulated,thesetpointsof thepreheatercontrolarechosento becloseto the
temperaturemeasuredon topof eachcolumnsectionbelow thevessel.

Whenthetemperaturein thecolumnsectionapproachestheir setpointthecontrollerare
activated. The controllerwhich setthe reflux to the lowestanduppermostcolumnsection
can be activatedratherearly. The temperaturesetpointsare chosento be the arithmetic
averageof the expectedcomponentsboiling pointsbeingseparatedin the columnsection.
Thecontrollerfor �ê¢ is placedin automaticwhenthecolumntemperatureat thermocouple��Ü ´ Ü is in excessof

% × þ � . Later we adjustthe setpointof this controllerslowly until we
achievea temperatureof

%ZÙ?´HÙ]Úxþ � .
Duringstart-upof thecolumnprimarily methanolis evaporatedandaccumulatedin ves-

sel 1. The reflux introducedto column section1 is accumulatedin vessel2 suchthat a
ratherhigh concentrationof methanolin this vesselis observed. Recycle this liquid back
to columnsection2 reducestemperaturein this section(dueto the low boiling point of the
accumulatedmethanol)which in turn reducesthe reflux to thesectionsuchthatmorelight
componentis accumulatedin vessel2. Thisproblemof accumulatingmethanolin vessel2 is
effectively avoidedby adjustingtheminimumreflux to columnsection2 basedon thereflux
in columnsection1. Weintroducelight componentsto thecolumnwhich is thentransported
upwardsthroughthe column. After stablizingof the temperaturethe setpointof the reflux
flow controlleris adjusted(in stepsof app.0.5C) until thedesiredsetpointis reached.

In FigureE.3 andE.4 the temperatureresponsesin vessels,columnsections,reboiler
heatinput andrefluxflow areshown.
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Temperature response
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FigureE.3: Temperatureresponses,experiment2
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Composition Analysis
At the start of the experimentthe liquid was filled to the reboiler (vessel4). The initial
composition( �ê« ²:´i² � ) andthecompositionin thevesselsasafunctionof timearepresented
in TableE.2.

TableE.4: Productcomposition,experiment2
component methanol ethanol n-propanol n-butanol

time= 0.0h
M4 Vessel4 0.2667 0.1783 0.1548 0.4002

volum [


] 0.5 0.5 0.55 1.70

holdup[
���	


] 12.35 8.57 7.35 18.57
time= 1.04h

M4 (reboiler) Vessel4 0.1005 0.1432 0.1943 0.5620
M3 Vessel3 0.3497 0.3164 0.2370 0.0969
M2 Vessel2 0.4223 0.4487 0.1276 0.0015

M1 (accumulator) Vessel1 0.8609 0.1368 0.0022 0.0001
time= 2.04h

M4 Vessel4 0.0016 0.0123 0.1250 0.8612
M3 Vessel3 0.0362 0.2942 0.6480 0.0216
M2 Vessel2 0.2001 0.7848 0.0151 0.0
M1 Vessel1 0.9029 0.0969 0.0002 0.0

time= 2.44h
M4 Vessel4 0.0 0.0009 0.0818 0.9174
M3 Vessel3 0.0049 0.1464 0.8340 0.0147
M2 Vessel2 0.1430 0.8334 0.0236 0.0
M1 Vessel1 0.9232 0.0768 0.0 0.0

time= 3.44h
M4 Vessel4 0.0 0.0004 0.0679 0.9317
M3 Vessel3 0.0 0.1133 0.8769 0.0098
M2 Vessel2 0.1191 0.8609 0.0201 0.0
M1 Vessel1 0.9408 0.0592 0.0 0.0

time= 5.09h
M4 Vessel4 0.0 0.0 0.0662 0.9338
M3 Vessel3 0.0 0.1073 0.8836 0.0091
M2 Vessel2 0.0932 0.8856 0.0212 0.0
M1 Vessel1 0.9399 0.0601 0.0 0.0
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E.3 Experiment 3, 22. march. 1996

Theseexperimentwereperformedafter a retrofit of the column. Considerableincreasein
productpuritieshasnotbeenachieved,sincethecolumnlenghtis only increasedby 40mm.
On problemwhich waspresentearlierwastheamountof vaporcondensingon thecolumn
wall dueto heatlosses,increasingof theinsulationfrom 30 to 60mmreducedthis problem.

The reboilerheatinput wascontrolledby keepingthedifferentialtemperaturebetween
reboilersurfaceandliquid holdupconstant.Initially thedifferentialtemperaturewassetto�8'¡«�Ü ÚT² þ � andhasbeenchangedgraduallyto

� �P« × ÚT² þ � asbutanolconcentrationin-
creasesin thereboiler. Thefinal temperaturedifferenceis rathercloseto theoperationlimit
of thecolumnandcorrespondsto a heatinput of approximately400W. Note,no datawere
loggedduringtheexperimentperformedon 18. march1996.

Experimental procedureú All liquid initially in reboilerú PI-controllersin automaticwith � ,¬« Ú���
9���� Ö�� , ���º« ×�Ü �� Öú Minimum refluxflows: �ê¢ û µÝÈ76 « × ´ ÜT�â ;:��ê¤ û µÝÈ76 « × ´ ×��â ú After heatingupthereboilerhldup,thedifferencebetweenreboilerholduptemperature
andreboilersurfaceis reducedfrom

� ��«¼Ü Ú�² to ×@ß ²=< × å]²Tþ �
In FiguresE.5to E.6thetime responsesof experimentExperiment3 areshown. At time t =
1.5 h the lower columnwascloseto flooding, to prevent thefloodingandforce thesystem
backto normaloperation,therefluxcontrollerof thissectionwastemporarilyplacedin man-
ual. Simultaneously, the reboilereffect wasreducedby adjustingthesetpointto theheater
controller. At t = 1.6 h flooding hasstoppedandthe controllerwasplacedinto automatic
again.We seethat thecontrolleradjustreflux �ê¤ ratherfastto a constantvalue. At t = 4.9
h productsamplesaredrawn for off-line analysis.Thedistillation processwasoperatedfor
approximatelytwo morehoursto investigatetheinfluenceof thedistillation timeonthefinal
productcomposition.

Thetemporaryreductionin reflux flow �â  at �¬«®× ´ ß � wasnecessarysincethecolumn
startedto flood in section3. After floodinghadstopped,thereflux controllerwasplacedin
automaticagainandstabilizedthetemperaturein section3 at thegivensetpointof �Ý >) ¢ û '!è " «× ²ZÙ[´VÚ�þ � . The temporaryflooding of the columndidn’t have a noticeableinfluenceon the
final productcomposition(seeTableE.5)

Thefinal productcompositionsgivenin TableE.5 bottomshow that thecompositionin
vessels2 and3 at �¡« Ù[´VÚ � is similar to thecompositionmeasuredat � «áß ´iÞ � . We have a
slight increasein impurity in vessel2 and3. The disturbanceaddlight componentsto the
lowerpartof thecolumn,whichhaveto bemovedupwardsthroughthecolumn.Theamount
of light impuritiesis increasedin vesselsC, while in vesselB both theamountethnaoland
butanolis increased.
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FigureE.5: Temperatureresponses,experiment3

0 1 2 3 4 5
0

0.1

0.2

U
 [V

]

Valve position

L1

L2
L3

time [h]

0 1 2 3 4 5
0

200

400

600

Q
_b

 [J
/s

]

Reboiler duty

FigureE.6: Manipulatedvariables,experiment3



E.4. Experiment 4, 03. april. 1996 253

TableE.5: Final productcomposition
component methanol ethanol n-propanol n-butanol

Experiment18. march.1996,t = 4.5h
Initial feed 0.250 0.188 0.190 0.372
Vessel1 0.962 0.030 0.007 0.001
Vessel2 0.062 0.906 0.028 0.004
Vessel3 0.017 0.041 0.910 0.032
Vessel4 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
Vessel1 0.976 0.017 0.006 0.001
Vessel2 0.040 0.915 0.045 0.001
Vessel3 0.011 0.054 0.926 0.009
Vessel4 0.001 0.002 0.087 0.910

Experiment3, 22. march.1996,t = 7.5h
Vessel1 0.985 0.011 0.003 0.001
Vessel2 0.063 0.909 0.028 0.001
Vessel3 0.008 0.065 0.912 0.015
Vessel4 0.001 0.001 0.070 0.928

Fromtheanalysisof theseto experimentswe seethat thefinal productcompositionsin
thevesselsaresimilar even if we startfrom to differentfeedcompositions(added1-PrOH
and1-BuOH).
Remarkson experimentsfr om 18. and 22. march 1996ú Frequentobservation of flooding of the columnsnecessary, wherecolumnsection3

(bottom)is mostexposedto floodingbecauseof theincreasein molecularweightand
viscositywith time,causedby theincreasein butanolconcentrationú Condensationon thecolumnwallswasconsiderablyreduceddueto extra insulationú Detuningof thevesselpreheatingreducedoscillationsin columntemperature

E.4 Experiment 4, 03. april. 1996

In experiment4, the liquid feedwasdistributedover the column,1.5 liter addedto the re-
boiler and500ml werefilled into eachvessel.Theexperimentalprocedurewasasfollows:ú Setpointfor differential temperaturein the reboiler was set to

� � « × ä]²�þ � after
start-up.ú Reboilerandpreheaterswereactivatedsimultaneously.ú Reflux to columnsection1 wascontrolledmanually, reflux flows �ê¢ and �ê¤ areset
equalto �â  to ensurethatthereboilerandnoneof thevesselsrun dry andoverflow of
intermediatevesselsis avoided.



254 E. Experiments: Multi vesselBatch Distillationú Refluxcontrollersetinto automaticapproximately1 h afterstart-up��� ì ��
��	�� Ö·� î ����ì �� Ö î�â  3.5 10min�ê¢ 4.5 12min�ê¤ 3.5 10minú Ratherslow settling of column temperature�·¢*) ¢ , the temperaturewas considerable
below the setpoint,indicating to muchethanolin this section. The setpointfor the
temperaturecontrollerof vessel3 wasincreasedfrom 95 to 97

þ � to remove ethanol
from vessel(intermediatereboiler)

Thefinal productcompositionproductcompositionsarepresentedin TableE.6

TableE.6: Final productcomposition,experiment4
component methanol ethanol n-propanol n-butanol

Experiment4, 03. april. 1996,t = 6.8h
Initial feed 0.2656 0.1908 0.1984 0.3452
Vessel1 0.9927 0.0061 0.0010 0.0001
Vessel2 0.0863 0.9066 0.0062 0.0009
Vessel3 0.0202 0.0594 0.9190 0.0012
Vessel4 0.0019 0.0093 0.0528 0.9360
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FigureE.7: Temperatureresponses,experiment4
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FigureE.8: Manipulatedvariables,experiment4

Remarkson experiment4ú Carehasto be taken to avoid drainageof reboilerandoverflow of vesselsabove .
manualcontrolof reflux duringstart-upú Purificationof productsslightly slowercomparedto start-upfrom emptycolumnwere
all feedis addedto thereboiler.ú Subcooledliquid enteringthecolumnfromthevesselswill decreasetemperaturewhich
inturn forcethetemperaturecontrollerto decreasereflux (positiv feedback).ú Processconsiderablymoredifficult to performstart-upfrom a columnwereliquid is
distributedcomparedto startfrom emptyvessels

E.5 Experiment 7, 04. october. 1996

FigureE.9 show the resultsfor experiment7. From Table4.1 we seethat the amountof
the two intermediatecomponentsis much lessthan in experiment12, suchthat a rather
low holdupin intermediatevessels2 and3 areexpected.Due to the large amountof light
component,temperature�Û  in theuppermostcolumnsection(seeFigureE.9,b) wasinitially
solow thatnorefluxwasrecycledto thecolumn.To avoid drainingof thereboilerandensure
separation,reflux wasthereforesetmanuallyat 25 ml/min in the time interval

²[´V²)¸ � ¸²:´iä � (seeFig. E.9d).
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FigureE.9: Temperatureresponsesin vessels(a), in columnsections(b), reboilerheatinput
(c) andvolumetricrefluxflows asfunctionof time recordedfrom experiment7

Thedecreasein temperaturein section2 ( ��¢ ) andsection3 ( ��¤ ) at
²:´ × ¸ � ¸Ø²:´VÚ

, indi-
catesthatconsiderableamountof light componentsaccumulatedin theintermediatevessels
during start-up,the manuallycontrolledreflux flow returnedthe lighter componentsto the
columnsectionsuchthatthesearefinally accumulatedin thecolumntop 1.

1Note,thatin theperiodfrom Å_ÆÍÇ@?BA(?DC�Æ Ç�E thetemperaturesof vesselFHG and FJI arecloseto thesteady
statetemperatureof vessel1 at A(KBL4E
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In theperiod Ü ¸NM�¸ ßPO vessel2 wasempty, suchthatcontrolon temperatureQSR was
lostandtemperatureQSR increased.Theexperimentaldatashow thattheliquid flow TUR ± TWV ,
however sincevessel2 wasemptywe have to have TWR ¸ TYX on volumetricbasis2. Insuffi-
cient reflux flow allows heavier componentto enterthecolumnsectionsandaccumulatein
vessel2 and3, respectively. Thetemporaryaccumulationof heavier componentin vessels2
and3 is indicatedby thesimultaneousincreasein vesseltemperaturesQ5Z¼Ü and Q/Z ä

. Due
to insufficient separationduring the period Ü ¸[M�¸ ßPO , considerableamountof time was
usedto establishstableflows andholdupsin the column. The experimentwasperformed
without operatorintervention,afterestablishingconstantreflux flows thecolumnwasoper-
atedfor threemorehoursandsamplesof theproductswerewithdrawn andanalyzed.

E.6 Operation with thr eecomponents

The flexibity of the multivesselbatchdistillation columnwasinvestigatedby reducingthe
numberof componentsfrom four to three,componentspresentaremethanol,ethanoland1-
butanol.Further, openingtherefluxvalveof vessel3, liquid is notaccumulatedandacolumn
twice aslong asthedesignis achieved(consistingof two sections).This sectionconsistof
approximatelytwiceasmuchstages,suchthatseparationethanol/1-butanolwill improve.

Setpointfor butanol/ethanolsplit is setsuchthatthermocouplein secondcolumnsection
is for controlpurposes.This thermocoupleis placedin themiddleof column2 , suchthat75
% of columnlength(entirecolumn3 andhalf thecolumn2) arebelow this location.Assume
a linear temperatureprofile betweenethanolandbutanolresultsthat 75 % of the required
temperaturechange(temperaturedifference

� Q «\QS] û Ìzõ ð�ñ_^`QS] û ò�" ð�ñ « ä]ÞTþba
hasto be

completedat this position, thus the temperaturesetpointis set to Q(R*) R{« %�%:´HÚxþca
. During

startupthis setpointwill ensureratherfastaccumulationof light componentsin thecolumn.
Thestart-upis performedwith all liquid addedto thereboiler.

Analysis of final product composition

TableE.7: Final productcomposition,threecomponents,26.april.1996

component methanol ethanol n-butanol

Experiment020426. april. 1996,t = 6.5h
Initial feed 0.4114 0.2853 0.3033
Vessel1 0.9961 0.0029 0.0010
Vessel2 0.0003 0.9500 0.0497
Vessel4 0.0001 0.0376 0.9624

As canbeseenfrom theproductcompositionpresentedin TableE.7, thesplit between
methanolandethanolhasimprovedconsiderably. Improving thesplit betweenethanoland

2Note: the reflux flow is estimatedbasedon the control signalto the solenoidvalve, during time intervalGdEe?�A8?BfUE , thevolumetricflow gSh cannot begreaterthanthereflux from column1 which entersvessel2,
seeFigure4.1
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butanolwould be possibleby reducingthe setpointof the temperaturecontroller. Never-
theless,the experimentshowedthat the reductionin numberof componentsis feasible,by
just “recalculating”thetemperaturecontrollersetpoint.Onthecontrary, whenincreasingthe
numberof componentsa feasibleoperationprocedurearestill to befound.
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FigureE.10:Temperatureresponses,experiment26/04-1996
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Abstract The flow dynamics(tray hydraulics)are of key importancefor the initial dynamic
responseof distillation columns.Themostimportantparametersaretheliquid holdup,theliquid
hydraulic time constant,and the constantrepresentingthe effect of a changein vapor flow on
liquid flow. In the paperwe presentmethodsfor determiningtheseparametersexperimentally,
and comparethe resultswith estimatesfrom available correlationssuch as the FrancisWeir
formula.
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F.1 Intr oduction

The objective when deriving a model is to
make it as simple as possiblewhile at the
sametimematchingthedynamicsof thereal
system. The estimationof the dynamicpa-
rameterswhich determinethe behavior of

the processis of crucial importancein the
modelingprocess.For control purposesthe
mostimportantfeatureof amodelis to match
the dynamic responseat times correspond-
ing to thedesiredclosed-looptime constant.
This meansthat if the dynamicmodel is to
be usedfor evaluatingandtuning the “f ast”

1Author to whomcorrespondenceshouldbeaddressed,
phone: jlknmom;p�q;rok�C*q;k , fax: jlknmsm+p�qtruk�v�wtv
E-mail: skogex chembio.ntnu.no
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loopsonadistillationcolumn(pressureloop,
level loops, temperatureprofile “stabiliza-
tion”) wherethetime constantsarein theor-
der of a few minutesor less, then a good
modelfor theinitial responseis requiredand
accuratesteadystatebehavior may be less
important.

Simplified modelswhich simplify or ne-
glectflow dynamics(trayhydraulics)anden-
ergy balanceareoftenusedfor studiesof dis-
tillation columndynamicsandcontrol.How-
ever, theapplicabilityof suchsimplemodels
for thispurposeis oftenquestionedby practi-
tioners.This critiqueis indeedreasonableas
oneknowsthatthetrayhydraulicsarecrucial
in determiningthe initial dynamicresponse
which is of key importancefor control. Al-
thoughthe essentialdynamicsof a distilla-
tion columncanbeobtainedfrom simplified
models,the introductionof realisticandac-
curatehydrauliccalculationsallows to study
theoperabilityof a givensystemandthede-
sign andevaluationof complex control sys-
tems.

In the paperwe considerdetailedmod-
elsof thetray hydraulicsandusetheseto de-
rive expressionsfor parametersthat charac-
terizetheflow response.Themostimportant
parametersarethe liquid holdup y{z , thehy-
draulictimeconstant|4z , theparameter} (de-
noted ~B� by many authors)for theinitial ef-
fect of a changein vaporflow on liquid flow,
thefractionof vaporon thetrayandthepres-
suredrop. Thesekey parametersarealsode-
terminedfrom experimentson our lab-scale
column. Thefinal goalof thesestudiesis to
seehow detailedadynamicmodelof adistil-
lation columnshouldbe in orderto be used
for controlpurposes.

The literature on distillation dynamics
is extensive so only a short overview will
be given. In terms of experimental re-
sponsesfor tray columnswe only mention
the work of Baber et al. (1961, 1962).

Open-andclosedloopexperimentsunderau-
tomaticcontrol wereperformed,additionaly
a linearizeddeviation modelwerepresented
and comparedto the recordedtransientre-
sponses.Perforatedplateshavebeenusedex-
tensively for liquid-vaporcontactingin distil-
lationcolumns,datafor platedesignhasbeen
publishedby e.g. Stichlmair (1978), Perry
(1984)andLockett (1986). Key parameters
ase.g.: weeping,flooding andefficiency of
sievetrayareinfluencedby thepressuredrop
which in turn is dependenton liquid andva-
por flow aswell asthetraydesign.

A detailed overview on recently pub-
lishedliteraturein thefield of dynamicsand
control of distillation columns is given by
Skogestad(1992). The survey includesthe
descriptionof distillation modelswith rigor-
ousand linearizedtray hydraulicsanda re-
view of widely usedsimplifications. Rig-
orous models for distillation columns for
nonlinearsimulationsaredevelopedby e.g.:
Ganiet al. (1986)andRetzbach(1986).The
work of Gani et.al. is focusedon the devel-
opmentof a generaldynamicmodel includ-
ing trayhydraulicsandaccuratepredictionof
the physicalpropertieswhich is numerically
robust. Furtherthe influenceof the simpli-
fying assumptionwasinvestigated.The rig-
orousmodelof Retzbachis primarily devel-
opedfor thenonlinearsimulationof a multi-
componentmixture in a distillation column
with sidestripper. The tray hydraulicmod-
els appliedby Retzbachare extensively de-
scribedby Stichlmair(1978).

The paper is divided into 5 part. We
presenta detaileddescriptionof therigorous
stagemodel in section2. The liquid holdup
is divided into liquid on the sieve tray and
downcomer. The dynamicmodel is imple-
mentedin theSPEEDUPsimulationenviron-
ment(1992)with alink to theASPENPROP-
ERTIES PLUSdatabasefor thermodynamic
properties(1988). The third partdealswith
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linearizedtray hydraulicswhich simplify the
dynamic model considerably. In the fouth
sectionwe presentdifferent methodsto de-
terminehydraulicparameterswhichdescribe
the dynamicbehavior of the system. These
methodsarebasedonexperimentsonour lab
scalecolumnor developedbasedon the rig-
orousstagemodel. Finally the resultsof the
differentmethodsarecomparedandconclu-
sionsarepresented.

F.2 Tray Modeling

Tray models basedon first principle con-
sist of a large numberof differential alge-
braic equationswhich maybe solvedsimul-
taneously. Simulation of a stageddistilla-
tion werethedynamicsis describedfromfirst
principleswill enablea thoroughinvestiga-
tion of the tray hydraulics. Changesin col-
umndesignwill influencethedistribution of
liquid on thestagesandchangethetimecon-
stantsof thesystem.A deeperinsight in 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-
comer) and one vapor holdup. Separated
massandenergy balancesfor trayanddown-
comeraresetup. Theholdupsarecomputed
from themassbalances,theflowsleaving the
tray are determinedfrom hydraulic correla-
tions with pressuredrop over the stageas
driving force. The thermodynamicproper-
ties of the componentsarecalculatedby the
ASPEN PROPERTIES PLUS (1988) pack-
age.Themaindifficulty in thesesimulations
wasto find the steady-stateoperatingpoints

which matchtheperformedexperiments.
The designof a typical stagein a distil-

lationcolumnconsistingof sieve tray, down-
comer, inlet andoutletweir is shown in Fig-
ureF.1.
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FigureF.1: Typical designof a stageddistil-
lationcolumnwith sievetrayanddowncomer

Assumptions. The total holdup of the
tray consistsof liquid andvaporholdup.Ac-
cordingto thegeometryof theinterior of the
distillation column, seeFig. F.1, the liquid
holduponastageis dividedinto liquid onthe
active trayareaandliquid in thedowncomer.
Thefollowing assumptionsaremade:

R1 two-phasesystemin thermalandme-
chanicalequilibrium

R2 perfect mixing in vapor and liquid
phases

R3 no heatlossesto thesurroundings

R4 no heatof mixing

R5 temperaturedynamicsof the column
structureis neglected
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Conservationof internalenergy andconstant
volume of the systemimplies that the flash
calculationis solvedasanUV-flash.

Material and Energy BalanceThe bal-
ances presentedare used throughout the
whole distillation model,somemodification
are madefor the reboiler and accumulator.
The mathematicalstatesare the component
holdup y (both in vaporand liquid phase)
on the stageand the internalenergy. An in
depthoverview of theseequationsis givenin
Lockett (1983)andStichlmair(1978).

Thefollowing setof equationsis valid for
a tray without feed, side draw and external
heatingor cooling.� y{�������� �7�e�����7�	� �Pi����7���n�#�7��� ����#���;� �4� ���;� � ����� � �n� � � � (F.1)

The holdup of component� on the tray,
this is liquid on thetrayandvaporabovetray
anddowncomerisy{� � y � �n� � � ��i_y������ �9�t� � ��� (F.2)

Thetotalmolarholduponthetrayis givenby�� ���S� y � y � i�y{��� (F.3)

Theenergy balanceof thetray�¡  ����¢��� �7�e��£¤�+� �7�3i����7�e��£¡z¥� �7�e����9�t� ��£¤�+� ���;� ��� � ��£¡z�� � (F.4)

wherethe total internal energy is described
by   �8� y{�Y��¦�£¤�+� ���;� �¨§© �¤ª iy«z���¦�£¡z�� �9�t� �$§© z ª (F.5)

A similar set of equationsis appliedto the
downcomermaterialbalance:y«¬®>� ���� � � � �n� � � �¯��� ���;� � �S��� ���;� � � (F.6)

y«¬ � �� ���S� y«¬®>� � (F.7)

thecomponentbalance:

y«¬®°� � � y«¬@�n� ���;� (F.8)

theenergy balanceof thetray  ¬®���±� � � ��£¡z�� � ��� ���;� ��£#z¥� ���;� (F.9)

and the total internal energy of the down-
comer   ¬® � y{¬Y��£¡z�� �9�t� (F.10)

wereweneglectthepressuredependentpart.
Note that there is no flash calculationper-
formedonthedowncomerholdup.Thevapor
compositionis in equilibrium with the liq-
uid on thetray andthevaporvolumesof the
tray anddowncomerarecombined. Due to
this assumptiona vaporflow from thedown-
comerto the tray canbeneglectedsuchthat
the overall systemis somewhat simplified.
Due to the assumptionthat the pressureis
identical,both in the liquid phaseof thetray
and downcomeras well as the vapor phase
thecomputationof themolardensityis sim-
plified.

Holdup Distrib ution. Theliquid andva-
pormolarholdupastageis relatedto thetotal
tray volume �¡� by:

�#�u� y �9² © z�i³y{� ² © �Ui³y«¬® ² © z (F.11)

The molar volumeof the liquid on the trayy � andin the downcomer y«¬® is computed
by

y �u� £¡´z¤��µ5¶� � �7��·U� © z�� � (F.12)
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andy«¬® � y{�z�i³y«¬>¸°¹Wi³y»º�·�¶�z �¦b¦�£¡´z�i³£¡¬>¸°¹¼i�£¡z � º9º½ ¾4¿ ÀÁ+Â�Ã ª �µ3¬®ui � º9·9¶bz ª � © z¥� ¬ (F.13)

where � º9·�¶�z is the volume of the down-
comer seal. We assumeno bubblesin the
downcomerso £¡¬� is the heightof clearliq-
uid. The pressuredrop over the downcomer
(Perry et al., 1984) from the surfaceof the
liquid exiting the downcomerto the surface
of thedowncomerlevel is identicalto theto-
tal pressuredrop, Ä § , over a plate (seeEq.
F.20). The height £¡¬>¸°¹ is computedfrom
the ’dry’ pressuredrop over theholesof the
tray (see Eq. F.23). The flow under the
downcomerapronis modeledby an nonsta-
tionary Bernoulli equationwhich considers
lossesdueto friction andaccelerationof the
liquid underthedowncomerapron.

Vapor-Liquid Equilibrium. The ther-
modynamicequilibrium of vaporand liquid
is definedby ��·9Åb� � � ~����n� ���;� � � (F.14)

with a K-valuedependenton �oÆ*�SÆ*ÇÈÆ § . The
compositionof the vapor leaving the tray is
computedby the Murphree tray efficiency
coefficient É � � � �9�t� � ���»�	�7��� ���·�Å�� �#�Ê�	�Ë�	� � (F.15)

with �	·�Åb� � asthe equilibriumvaporcomposi-
tion at given tray composition,temperature
and pressure.It is assumedthat liquid and
vaporareperfectlymixedin theircontrolvo-
lumina.

F.2.2 Tray hydraulics

The modelingof the tray hydraulic is based
on empirical correlationsselectedfrom the

literature. Lockett (1986) and Stichlmair
(1978) give an excellent overview over the
different approaches. The chosencorrela-
tions are not necessarilythe bestavailable,
but allow fairly accuratepredictionsandare
easyto implement.

Clear liquid height. Considerthe stage
shown in Fig. F.1. Recall Eq. F.12 were
theliquid holdupon thesievetray, y � , is de-
fined with the active tray area,µ � , (exclud-
ing downcomer)and the clear liquid height£¡´z . The clear liquid height is lessthan the
actualheightof fluid on theplatedueto bub-
blesdispersedin the liquid. The fraction of
liquid (froth density)in the fluid is denotedÌ

. £#´z � Ì £¤Í¡·��7¸si�£ � Í (F.16)

We usethecorrelationpresentedby Bennett
(1983)to computethefroth density

ÌÌ ��Î � § ¦ÐÏ8���Ñ~ÓÒ�Ôº ª � (F.17)

with thesuperficialvelocity factor~Bº �ÖÕÑ�*× © � ² ¦ © z�� © � ª (F.18)

where ÕÑ�B� � �7� ² ¦´µ � © � ª is the vaporveloc-
ity over the active tray. The parametersÏ8�
and Ï�� areempiricalconstants.BennettusesÏ8� � �=ØÑÙ�ÚËÛ�Û (in unitsconsistentwith theve-
locity factor ~Bº in m/s), and Ï�� �ÝÜ Ú&Þ¤Ø (di-
mensionless).We fitted new valuesto match
pressuredropexperimentsandto getreason-
ablevaluesfor theliquid holdup.

Flow over outlet weir. The liquid flow,� ���;� , over the circular weir from the tray to
the downcomer, is computedwith a modi-
fiedFrancisweir formula(Perryetal., 1984).
Since the outlet weir is placed off center
towards the column wall, the liquid height
above the weir £ � Í will not be constant.
Therearenoexistingcorrelationswhichdeal
with theconverging flow over circularoutlet
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weirs in distillation column(Lockett, 1986).
Taking the design into consideration,we
chooseto correcttheweir lengthwith afactor
of 0.5.£ � Í �àß�ß�á�Ü�Ü �sâ � �9�t�© z¤� Ü ÚËÛ/� � Í¡·9�Ë¸�ã3ä*å æ°ä°ç

(F.19)

We have hereassumedthat the liquid con-
tains no bubblesas it passesover the weir,
thatis, £ � Í is theclearliquid heightof liquid
over theweir (seeEq. F.16).

Theactualheightof fluid (mixtureof va-
por bubblesand liquid) on the tray is then£¡�z ² Ì . If thecomputedfroth height, £¡´z ² Ì{è£¤Í¡·9�Ë¸ , theliquid flow leaving thetray is setto
zero.

Pressure drop correlations. The pres-
sure drop over a stageis measuredas the
differencein pressurebetweentwo adjacent
stages Ä § � § �S� § �êé#� (F.20)

The total pressuredrop Ä § consists of
the ’static’ (wet) pressuredrop throughthe
areatedliquid on thesieve tray andthe ’dry’
pressuredrop throughthe holesof the tray,Ä § ¬>¸°¹ . Ä § � Ä § º � ¶ � �¥oiëÄ § ¬®¸�¹ (F.21)

The ’wet’ pressuredropdueto theheightof
clearliquid on thetray isÄ § º � ¶ � �¥ �àì � © z¡�Ñ£¡´z (F.22)

According to Lockett (1986) the hydraulic
gradientfor sieve tray distillation columnof
smalldiameter(lessthan0.5m) is negligible.

Numerouscorrelationsfor the dry pres-
suredrop are available (e.g.: Liebsonet al.
1957)wehavechosen:Ä § ¬>¸°¹ � ©�í z¤� ìØ Ü�Ü�Ü � Û�Øî �� ©�í �©�í z � Õ �Á��Ü Ú&Þ�ï�Û5� © ��� Õ �Á (F.23)

where Õ Á �ðÕ�� µ �9² µ Á is thevelocity through
theholes[m/s].

The pressureloss due to surface gen-
eration, Ä §#ñ � ñÐñ zò· , is neglectedcomparedto
theequationspresentedin Coulson(1983)or
Perry (1984). The ’residualpressuredrop’,Ä § ¸°·°º��7¬ , as listed in literature (e.g. Perry
(1984)) is neglected,sincethesuggestedliq-
uid heightof 12.5 mm is comparableto the
staticliquid headon thesieve tray.

Summary of Holdup Distrib ution. The
total liquid holduponastageisy � y � i³y«¬® (F.24)

Here y � is given by EquationsF.12 - F.19.
We havey �u� µ � © z Ì £¤Í¤·9�7¸½ ¾4¿ Àó¼ôbõ i{µ � © zö£ � Í½ ¾4¿ ÀóW÷9õ (F.25)

Note that
Ì

dependson the vapor flow �
whereas£ � Í dependson the liquid flow � .
We identify four contributions to the liquid
holdupin thedowncomer.y«¬® � y«z � º�ºui�y«´z�i�y«¬>¸°¹¼i³y«º9·�¶�z

(F.26)

1. Holdupwhichcorrespondsto theheightof
clearliquid on the tray plus the contribution
from the corresponding“wet” pressuredrop
throughtheliquid on thetrayabove:y{�z � µ5¬ © zöÙ�£¡´z � Ù µ5¬µ � y � (F.27)

2. Holdup correspondingto pressuredrop
over the trays perforation (’dry pressure
drop’), which from Eq. F.23 isy«¬>¸°¹ � µ3¬Y��Ä § ¬>¸°¹ì ��yùøHz (F.28)

3. Holdup due to pressuredrop under the
downcomer apron, y{z � º9º . This term may
usuallybeneglected.
4. Holdup of liquid in the downcomerseal,y«º9·�¶�z , which is independentof vaporandliq-
uid flow.
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F.3 Linear Tray Hydraulics

In orderto obtainfurtherinsightinto thetray
hydraulicswe shall considerthe linearized
approximation. Such a simple approxima-
tion mayalsobeusedin orderto simplify dy-
namicsimulations.For simplicity, thevapor
holdupis neglectedandconstantmolarflows
areassumed.

It is assumedthattheliquid flow, � ���;� , is
a function of the liquid holdup, y and the
vaporflow � �7� (Rademaker et al. 1975,Sko-
gestadet al. 1988).Takingthetotaldifferen-
tial of � ���;� thenyields� � �9�t�u�¨âUú � ���;�ú � �Ë�ûã ó½ ¾4¿ Àü � � �7�ýi âUú � ���;�ú y ã3þ½ ¾4¿ Àÿ���

� y
(F.29)

Notethatthis relationshipis assumedto hold
dynamically. Thehydraulictime constant|��
typically variesfrom 0.5 to 15 seconds.The
vaporconstant} , representingthe influence
of � �7� on � ���;� , typically rangesbetween-5 to
+ 5 (Rademaker et al. 1975).

We want to obtain } and |�� from corre-
lationsfor theliquid holdup y asa function
of liquid andvaporflow given in Equations
F.24 to F.28. Thevalueof |�� canbedirectly
obtainedfrom thesecorrelations. To find }
we note that the total differentialof y can
bewritten� y � â³ú yú � ���;� ã þ½ ¾4¿ À� �

� � ���;� iÝâ ú yú � �7�(ã �½ ¾4¿ À���
� � �7�
(F.30)

(this equationholdsonly at steadystate). |��
is alwayspositive whereas| þ maybe either
positiveor negative.

Setting
� y � Ü in equationsF.29 and

F.30yields} � ¦ ú � �9�t�9² ú � �7� ª ó � � ¦´| þ ² |�� ª (F.31)

Sinceboth | and } dependon the tray load-
ing, their valuesmay be significantlydiffer-
ent for the rectifying and the stripping sec-
tion.

To derive analyticexpressionsfor |�� , | þ
and } the holdup expressionsin equations
F.24to F.28arelinearized:

ú y �ú � �7� � µ � © z�Ï�� Ì
	��ýÌ� �7� £¤Í¡·9�Ë¸ � y � Í� �7� Ï�� 	�ýÌ
(F.32)

ú y«¬>¸°¹ú � �7� � Ù y{¬®¸�¹� �7� (F.33)

ú y«z � º�ºú � ���;� � Ù y{z � º9º� ���;� (F.34)

ú y �ú � �9�t� ��Ü Ú�� Ü�ß y � Í� ���;� (F.35)

EquationsF.32to F.35yield:

| þ � Ù y{¬®¸�¹� �7� i
â Ø@i³Ù µ5¬µ � ã y � Í� �7� Ï�� 	�ÈÌ (F.36)

|�� � Ù y«z � º�º� ���;� i â Ø¼i³Ù µ5¬µ � ã Ü Ú�� Ü�ß y � Í� ���;�
(F.37)

Notethatfor ourtrayswhichhavedowncom-
ers which exit above the liquid, we replaceÙ � Â��� by

� Â��� . It is importantto notethat | þ and
thus } maybeeitherpositive or negative. A
negative } meansthat more liquid is stored
inside the column when vapor flow is in-
creased,resultingin atemporaryreductionin
liquid flow. Themaincausefor this effect is
the increasedpressuredrop which increasesy{¬®¸�¹ . A positive } meansthat lessliquid is
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storedinsidethecolumnwhenvaporflow is
increased. At first this may seemunlikely.
However, in traycolumnsit is quitecommon
andis causedbya“swelling” (decreasein the
froth density

Ì
) which pushesliquid off the

trays.For situationswhere}�� Ü anincrease
in vaporflow rateresultsin adecreaseof liq-
uid holdupon the tray. The liquid which is
displacedon the sieve tray will be dumped
on the stagebelow. If the changein ’dry’
pressuredrop is extensive enough(increase
in £¡¬>¸°¹ ) this excessliquid will probablybe
storedin thedowncomer.

Numerical example We will discuss
the experimentaldata later, but to illustrate
the above procedurewe shall computethe
holdupdistributionandhydraulicparameters
for the top and bottom section for experi-
mentsno. 5 and6.

Thekey dataof thestagedesignareweir
height £¤Í¤·9�7¸ = 30 mm anda ratio of down-
comer to active tray areaof µ3¬ ² µ � =0.123.
With thesedataand the coefficients for Eq.
F.17 presentedin Tab. F.2 we computethe
datapresentedin Tab. F.1. Wehavechosento
estimatethecoefficientsfor Eq. F.17 for the
rectifierandstrippersectionseparately, since
thesesectionshave a ratherdifferent liquid
load.

The column is operatedwith a feed of
ethanol/butanolof composition��� �àÜ ÚËÛ and
a feedflow of 350ml/min. Thereboilerheat
input is ��� = 5.79kW � �Ý�ðÜ Ú Ø ß Ù mol/s
and ��� = 6.45 kW � � � Ü ÚöØ�Û�� mol/s
for Exp. 5 and 6, respectively. The reflux
is in both cases��� = 470 ml/min = 0.096
mol/s. Notewe assumeconstantmolarflows
throughthecolumn.

TableF.1: Numericalexample,estimateddatafor experiment5 and6

Exp. 5 Exp. 6
para- dimen- top bottom top bottom
meter sion sectionÄ § ¬>¸°¹ Pa/tray 199 247Ì

0.20 0.47 0.17 0.45£ � Í mm 1.43 2.16 1.43 2.16y � Í mol 0.16 0.24 0.16 0.24y � Í mol 0.67 1.60 0.59 1.52y«¬>¸°¹ mol 0.38 0.47ú y{�z ² ú � s -6.27 -5.75 -5.33 -5.23ú y«¬>¸°¹ ² ú � s 5.40 6.02ú y � Í ² ú � s 1.32 1.11 1.32 1.11|�� s 1.32 1.12 1.32 1.12| þ s -0.87 -0.34 0.69 0.79} 0.65 0.31 -0.52 -0.70

The term ú y{z � º9º ² ú � is in the order ofï �¡Ø Ü é á! andcanbeneglectedcomparedto
theotherterms.

Thesetwo experimentsdiffer in the re-

boilereffectby approximately10%,but give
entirely different resultswhenthe hydraulic
parametersarecomputed.Note that the two
contributions to | þ : ú y«¬>¸°¹ ² ú � (contribu-
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tion from changein downcomerholdupdue
to pressuredrop)and ú y«´z ² ú � (contribution
from changein tray holdupdueto froth den-
sity) changein differentdirectionswhenthe
heatinput to the reboiler is increased.It is
then clear that | þ may easily changesign,
andso may then } � �È| þ ² |�� . For experi-
ment5 theabsolutevaluesof ú y«¬>¸°¹ ² ú � è
ú y{¬®¸�¹ ² ú � such that the liquid replacedon
thesieve tray cannot bestoredin thedown-
comer. For experiment6 thesituationis such
that the replacedliquid will be storedin the
downcomer.

F.3.1 Linear flow relationshipsfor
column sections

In the following assumethat the hydraulic
parametersareequalfor all trays in the top
section( |��"� and }�� ), andfor all traysin the
bottom section( |��#� and }$� ). Considera
smalldeviation from steadystate.With con-
stantmolar flows the materialbalanceon a
tray becomes� y��� � � ���7�e� � � ���;� (F.38)

wheretheliquid flow leaving thetrayis given
from thelinearizedtrayhydraulics(Eq. F.29)� � ���;�8� } � � i Ø|�� � y (F.39)

Repeatedcombination of these equations
yields the following expression for the
changein liquid flow atthebottomof thecol-
umn, �%� , in responseto changesin reflux,��� andboilup, � : (similar to Rademaker et
al., 1975,Skogestadet al., 1988):� �&� �±ì �8¦  ª � �'�ûi ì þ ¦  ª � � (F.40)

whereì �8¦  ª � Ø¦�Ø@i�|��"�  ª (*) Ø¦�Ø@i�|��#�  ª ($+(F.41)

ì þ ¦  ª � }$� â Øý� Ø¦Ð|����  iàØ ª ( + ã i},�¦Ð|����  iàØ ª ($+ âoØÈ� Ø¦Ð|��-�  iàØ ª (*) ã (F.42)

Theresponseof �&� to a changein reflux
atthetop, ��� is asexpectedacascadeof first-
order responses,one for eachtray. The re-
sponseof �%� to a changein vaporflow, � ,
requiresamoredetailedderivation.Consider
first a columnwith only one tray. We con-
siderheretheeffectof achangein � only, so
set

� ���7� � Ü in Eq. F.38. Taking Laplace
transformsof equationsF.38 and F.39 and
combiningyields �� � � y � � ü� � º�.S� � � , and
we getwith onetray� � ���;�u� � �Y� � } â Øý� Ø|��  iàØ ã � �

(F.43)

For two identicaltrayswe getin additionthe
changein liquid flow from the tray above,� ���7� , whichwill beequalto

� �Y� givenabove.� ���7� will affect
� � �9�t� througha first order

lag, so the total effect of a changein vapor
flow with two traysis� � ���;�u� � �Y�ui � ���|��  iàØ �}�â8ØÈ� Ø¦´|��  iàØ ª � ã � � (F.44)

For acolumnwith / identicaltrayswefind� � ���;�8� � �&� � } â ØÈ� Ø¦´|��  iàØ ª ( ã � �(F.45)

For acolumnwith a top andbottomsection� �%� � }$� â8ØÈ� Ø¦´|��#�  i±Ø ª ($+ ã � � i� ����� ���;�¦´|��#�  iàØ ª (0+ (F.46)
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where � ���;� � � is the liquid enteringfrom the
top section.It is itself causedby theincrease
in vapor, so� ����� ���;�u� },�{âuØÈ� Ø¦´|��"�  iàØ ª (*) ã � �(F.47)

and we derive the desired expressionforì þ ¦  ª .Introducethe following approximations
(which aregoodfor longcolumnsections)Ø¦�Ø@i�|��#�  ª ($+21 Î é43 + º �Ø¦®Ø@i�|��"�  ª (*)51 Î é43 ) º (F.48)

where 67� � /8�8|���� and 6�� � /9��|��"� .
Also introducethe total liquid lag from the
top to thebottom 6 � 67��i:6�� . Thenwe get
from Eq. F.46with

� ��� �ÖÜ� �%� 1 }$�W¦�ØÈ� Î é43 + º ª � � i}��d¦ Î é43 + º � Î é43®º ª � � (F.49)

In words,a stepincreasein boilup,
� � , will

resultin animmediateincreasein �&� equalto}0� � � . This increasewill lastapproximately
for thetime 67� (which is thetime it takesfor
a changein liquid flow to propagatethrough
the bottomsection),thenthe increasein �%�
will changeto thevalue }�� � � andit will stay
at this value for an additionaltime 6�� . Af-
ter approximatelytime 6 � 67� i;6�� the liq-
uid flow �&� will changebackto its original
value.

F.4 Obtaining parameters
fr om experiments

F.4.1 Liquid holdup

Theliquid holduponthestagesdeterminethe
compositiondynamicsof thedistillation col-

umnandinfluencethehydraulicsof thesys-
tem.Theliquid holdupcanbeestimatedfrom
experimentsandtheoreticalcalculations.

i) Experimentaldumping.Thecolumnis
emptiedby turningof therefluxandtheheat-
ing. Liquid evaporatedduring this operation
is collectedin the accumulator. The com-
binedholdupchangeof accumulatorandre-
boiler is thentheamountof liquid storedon
thetraysin thecolumnduringnormalopera-
tion.

ii) Theoreticaltray calculationsusingge-
ometricdataandcorrelations,seeequations
F.24to F.28.

iii) Tracerexperiments. Onemay inject
a heavy componentat the top of thecolumn
andmeasurethetime it takesfor thewave to
move down thecolumn. In general,the time
constantfor the compositionresponseon a
individual tray is |� � y{� ² ¦���i»~ � ª , where
we can set ~ � Ü for a heavy tracer, and
thetimeconstant(apparentdelay)for / trays
in seriesis approximately/�|4 . We approx-
imate 6n
<=/ |� suchthatwe areableto es-
timatethecolumnholdupfrom themeasured
delay 6n .

iv) Experimentaltemperatureresponses.
Measuringtheinitial temperatureresponseto
astepchangein reflux Ä�� or vaporflow Ä �
enablestheestimationof theliquid holdup.

Thenecessaryassumptionsare:

OP1 vaporholdupis negligible

OP2 constantmolarliquid holdup y
OP3 equimolar flows (simplified energy

balance)

OP4 thelocalslopeof thevapor-liquid equi-
librium curve is ~ �

OP5 local linear relation between liquid
composition and temperature, � �Ç?>�� .
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The material balanceover a stagebe-
comesy � �#� ² ��� � ���o¦Ð�#�êé#�l�Ê�#� ª i � �(¦����@.S�l� �	� ª(F.50)

For a stepchangein ��� and � � the internal
flowsare ��� � � �� i«Ä�� and � � �ù� �� i{Ä � .
Subtractthe steadystatesolution from Eq.
F.50 and considerthe time immediatelyaf-
terthestepchangewhenthetraycomposition
still is unchanged.This yields the following
relationshipfor theinitial slopeasa function
of Ä�� and Ä � :

y â � Ä �#���� ã �Ë�4� � � Ä�����¦´� ��êé#� �»� �� ª iÄ � �®¦´� ��@.S� � � �� ª (F.51)

Apply assumptionsOP4 andOP5 and rear-
rangeEq. F.51

y{� â � Ä ÇS���� ã �7��� � � Ä��U�®¦´Ç ��êé#� �«Ç �� ª iÄ � � ~ �>¦´Ç ��@.S� �«Ç �� ª(F.52)

From Eq. F.52 it is possibleto estimatethe
molar holdup y{� on a stagefrom observ-
ing the initial slopeof the tray temperature
to changesin refluxor boilup.

F.4.2 Liquid hydraulic time con-
stant ACB

Theliquid hydraulictimeconstantcanbede-
terminedexperimentallyby makingachange
in refluxandobservingthedelayin liquid re-
sponsethroughthecolumn.
i) This delaymay be observed from the re-
sponseof theuncontrolledreboilerlevel, or
ii) from thetemperatureresponsesinsidethe
column.
iii) |�� may also be estimatedtheoretically
from tray data(seeEq. F.37).

F.4.3 Vapor constant D
Thevaporconstant} representstheinitial ef-
fect of a changein vaporflow on liquid flow
from a stage.Experimentallywe canobtain} by thefollowing means.
i) Fromtemperatureresponses.For example,
for }2� Ø theeffect of an increasein � will
initially becounteractedby anevenlargerin-
creasein � andwe will observe an increase
in tray temperaturein the upperpart of the
columnearlierthanin thelowerpart.
ii) From reboiler level response. Since� yE� ² ��� � �&�Ê� � we get from Eq. F.49
that for a unit stepin vaporflow � (keeping
the reflux flow constantÄ�� �ÝÜ ), theslope
of the responseof yE� asa function of time
will beapproximately¦�}$����Ø ª for the time
67� , thenequalto ¦�}��D��Ø ª for thenext time
6�� , andthenremainat -1.
iii) Estimate } theoreticallyusinghydraulic
relationshipssuchasEq. F.36andEq. F.37.

F.5 Results

The distillation columnis equippedwith 11
sieve trays (numberedfrom the top) of 125
mm diameter. As comparedwhat could be
expectedin an industrial column, the hole
areaof the trays is relatively small ( µ Á is
about5%of µ � ), andtheholdupin thedown-
comer is relatively large (about50% of to-
tal holdup). Also, the downcomerdesignis
different from that in Figure F.1 in that the
downcomerendsabovetheliquid surfaceand
hasaquitelargedowncomersealholdup.

The reboiler is a thermosyphonreboiler
with a nominal holdup of 3.5 liters and
equippedwith electricalheatingof a maxi-
mumeffect of 15 kW. Thetotal condenseris
connectedto anaccumulatorwith aholdupof
approximately1.5 liters. Thereflux andfeed
arefedto thecolumnby meteringpumpsand
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enterthecolumnwith a temperatureapprox-
imately Ù � î below theboiling point.

Eachtray is equippedwith a thermocou-
ple which is placedapproximately10 mm
abovethecenterof thetray. Below thelowest
tray a pressuresensoris installedto measure
thepressuredropover thecolumn. Thedis-
tillation column is interfacedto a computer
systemfor datarecordingandcontrolwith a
samplingfrequency of 1 Hz.

The experimentswere performed with
mixtures of ethanol and butanol. For the
theoreticalestimationof holdups and time
constantswe assumeconstantdensity © z �
� á Ø�ÚËÛ#> ì¤²GFIH (Halles,1976)andmoleweightyùøHz � ï Ü ÚöØ-> ì¡² > FKJGL correspondingto a
50/50 mixture. We also assumeÄB£¤��¶NM �ß�Ü Þ Ü�Ü >0O ² > FKJGL (Majer, 1985).

F.5.1 Pressuredrop

Experimentswereperformedto measurethe
pressuredrop over the distillation column.
Basedon thesemeasurementsandapplying
equationsF.16to F.23wecomputeby means
of a least squareapproachthe coefficients
which wereusedin Eq. F.17. Theestimation
is performedseparatelyfor strippingandrec-
tifier section.A comparisionbetweenexper-
imentaldataandtheestimatedpressuredrop
is shown in FigureF.2.

The empirical parametersÏ8� and Ï�� for
Eq.F.17 determinedfrom the pressuredrop
measurementsarepresentedin Tab. F.2.

TableF.2: Empiricalparametersfor Eq.F.17Ï8� Ï��
rectifiersection -24.17 0.73
strippingsection -7.05 0.61
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Figure F.2: Comparisonof measured(*,o)
andestimated(–) pressuredropover thedis-
tillation

F.5.2 Liquid holdup

Table F.3 lists experimentalconditionsand
someresultsfor experiments2, 3 5 and6.

i) The liquid volume determined by
dumping the distillation column is denoted� z¥� ¬ � í M . The correspondingaverage tray
holdupis denotedy«z�� ¬ � í M .

ii) The liquid volume estimatedfrom
pressuredropmeasurementsis denoted� z¥� P,M .
It is foundby measuringthedifferentialpres-
suredropover thecolumnandestimatingthe
liquid holdupbasedon Eq. F.24to F.28.

iii) We performedexperimentswith only
ethanolin the columnandusedbutanolasa
heavy tracer. With reflux � = 472ml/min the
time for thebutanolto reachthebottomwas
about330seconds(seeFig. F.3),correspond-
ing to a liquid holdupof approximately2.59
l.

Theagreementbetweenthesethreemeth-
odsis goodandgivesa total columnholdup
of approximately2.7 liter.

iv) We alsousedEq. F.52 to estimatethe
holdupfrom the initial temperatureresponse
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on trays 3 and 9 to a stepresponsein heat
input Exp. 2 and Exp. 6 as well as in re-
flux Exp. 3 and Exp. 5. The temperature
responsesareshown in Fig. F.4 andF.5 for
experiments2 and3, respectively. The cor-
respondingestimatedholdups(denoted y H
and yRQ ) show largevariations(seeTab. F.3)
and are also different (mostly larger) from
thevaluesfoundabove usingdumping. The
reasonfor the variationsmay be inaccuracy
in determiningtheinitial temperaturederiva-
tive (seee.g. Fig.F.5). However, the de-
viation from the dumpingexperimentsmay
alsobebecausetheassumptionsfor deriving
Eq. F.52 do not hold. This is partly con-
firmed by the simulatedresponses(smooth

linesin theFigures)whicharein goodagree-
ment with the experiments. The simulated
responsesarefor the full model(with no as-
sumptionaboutconstantmolarflow etc.) us-
ing holdupswhich arein agreementwith the
dumpingexperiments.

CompareExp. 2 to 6 and Exp. 3 to 5
shows that thequality of predictionincrease
for increasingstepchanges.The changesin
experiments5 and6 areat leasttwicethestep
changesasin Exp. 2 and3. Furtherwe see
that the estimatedholdup varieslargely for
Exp. 2 and 3. Inspectingthe resultsshow
that the holdup is very much overpredicted
for theoppositesideof thecolumnwerethe
stepwasintroduced.

TableF.3: Datafor holdupestimationfor experiment2, 3 ,4 and5

units Exp. 2 Exp. 3 Exp. 5 Exp. 6S FKL�²GF �UT 250 250 350 350
��� 0.54 0.56 0.56 0.45Ä § FKVXW!Y 22.3 26.1 35.3 54.6
� � � ä >$O ²# 3.60 4.50 5.70 6.45Ä � >$O ²# +0.45 0.0 0.0 +1.58� � � ä FKL�²GF �UT 249.8 382 468 470Ä�� FKL�²GF �UT 0.0 +52.8 +88.4 0.0� z¥� ¬ � í M L 2.68 2.71 2.93 3.10� z¥� P,M L 2.77 2.74 2.69 2.66y«z�� ¬ � í M FKJ"L 3.06 2.99 3.24 3.43Ç(� � î 79.12 89.91 79.17 79.74Ç H � î 79.45 84.64 79.78 81.45Ç ç

� î 80.42 89.91 81.09 84.65� Ä Ç H ² ��� Ø Ü é�� � � î ²# +0.18 -1.43 -0.63 +4.23y H FKJ"L 6.02 3.70 2.25 3.19Ç[Z � î 96.72 109.71 110.73 115.64Ç[Q � î 104.53 113.65 114.96 116.75Ço� ä
� î 111.08 115.78 116.61 117.21� Ä Ç\Q ² ��� Ø Ü é�� � � î ²# +4.51 -0.87 -2.23 +2.15yRQ FKJ"L 4.14 6.39 4.46 3.37
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Figure F.3: Deviation in temperatureof re-
boiler ,Ç¯¸>· ñ and on stages1,10, 11 and the
reboiler level responsedue to injection of a
heavy tracer.
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FigureF.4: Experiment2. Initial responseof
temperaturesontrays3and9 to astepchange
in heatinputat t = 10s

F.5.3 Liquid hydraulic time con-
stant A B

For theexperimentaldeterminationof thehy-
draulictimeconstant,thelevel controlof the
inventoryis placedinto manual,suchthatthe
positionsof theproductvalvesarefixed.The

reboiler level will now primarily dependon
the liquid flow to the reboilerandthe vapor
leaving it, althoughit shouldbe notedthat
a fixed valve positionnot necessarilymeans
that the liquid flow throughthevalve is con-
stant.
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FigureF.5: Experiment3. Initial responseof
temperaturesontrays3and9 to astepchange
in refluxflow at t = 20 s

Let usfirst considerexperiment5.
i) The hydrauliclag betweenthe increasein
reflux until the reboiler level changesis il-
lustratedin Fig. F.6. We find 6 � Ù á Ú Ø s
from the changein reflux pumpcontrol sig-
nal to the initial level changeof thereboiler,
which give an averagehydraulic time con-
stantof |��"� � Ù�Ú Ø  . The experimentalre-
sponseshow a delaybetweenthe changein
controlsignalandthechangein accumulator
level of 5.3 s. Considerthe time difference
from the initial accumulatorlevel deviation
until the reboilerchangeswhich give a time
delayof Ä]6nz � Ø-��Ú^�  . From this delaywe
computean averagehydraulictime constant
for eachstageof |�� � Ø�Ú&ï�Ù  .
ii) Using temperaturemeasurementswe find
thattheliquid delaybetweenthetemperature
changeontray3 and9 is 12.7seconds,which
give an averagehydraulic time constantof|�� � Ø�Ú&ï#�  . For experiment3 wefind adelay
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in the temperaturechangebetweenthe trays
of 11.8secondswhichyieldsahydraulictime
constantof 1.68s.
iii) Applying Eq. F.37 to the set of opera-
tionalconditionsof experiment5 givenin Ta-
ble F.4 yields |��-� � Ø�Ú á Ù  and |��#� � Ø�Ú Ø�Ø  ,
whichis approximately2/3of theexperimen-
tal value.For experiment3 we find from the
temperatureresponsesin Fig. F.5 an aver-
agehydraulictimeconstantof 1.83stheesti-
matedtimeconstantis 1.46and1.23seconds
for therectifierandstripper, respectively.
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Figure F.6: Experiment5. Responseof re-
boiler level to a stepin reflux flow at t = 20
s

We note from these and other results
that the agreementbetweenexperimentand
tray calculationsis somewhat better for the
level measurementsif we considerthe dy-
namicsof the pump. Consideringthe dy-
namicsin pump and sensor(see(i)) by re-
defining the time horizon reducethe devia-
tion betweenthedifferentmethodsconsider-
ably. The computedvaluefrom the temper-
aturemeasurement(ii) is stronglydependent
on thequality of thesignalto geta goodap-
proximationof thehydraulictimeconstant.

TableF.4: Experiments3 and5 for changes
in liquid flows. Experimentalconditions,
measuredtimedelays( 6 ), andhydraulictime
constant( |�� )

units Exp.3 Exp. 5S FKL�²GF ��T 250 350
��� 0.56 0.56� � � ä FKL�²GF ��T 329.2 468.8� � �*_ FKL�²GF ��T 382.7 557.2
� � � ä >0O ²� 4.50 5.8` � H  16.7 13.3` �aQ  28.5 26`9b  c 5.3` �  c 23.1|���� � (Eq.F.37)  1.46 1.32|���� ñ (Eq.F.37)  1.23 1.11

Still, it seemsthat the estimatedvalues
for |�� from Eq. F.37aretoosmall.However,
the rigoroussimulationswhich arebasedon
thesamecorrelationsshow betteragreement
asis illustratedby comparingtheexperimen-
tal andsimulatedreboilerlevel in FigureF.6.
Thereasonfor thedifferencemaybeasome-
what more detailedtray model and effects
of the energy balancewhich arealsonot in-
cludedin the simple linear analysisleading
to Eq. F.37.

F.5.4 Vapor constant D} maybe observed from the initial response
to changesin the boilup as changesin the
slopeof thetray temperatureor reboilerlevel
asa functionof time. Fromthe temperature
measurementsfor experiment2 it is difficult
to observe any changein the slopeso one
would expect } to be closeto 0. This does
notagreewith estimatedvaluesfromtraycal-
culationswhich yield } equalto 5.1 and3.8
in the top andbottomsections,respectively.
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As seenfrom the simulatedtemperatureon
tray 9, this shouldyield aninverseresponse,
which shouldbe easyto observe in the bot-
tom section(dashedcurve in Fig. F.4).

From the level measurementfor experi-
ment 6 one can from Figure F.7 observe a
changein theslopeafterabout10 s andthen
anotherchangeafter about35 s (from when
the changein heatinput wasapplied). This
indicatesthat 6�� is about25sand 67� is about
10 s. This is in reasonableagreementwith
experiment5 which hasthe sameinitial liq-
uid flow (seeTableF.1). If we considerthe
slopeof yR� asa function of time thenone
wouldfromtheexperimentalresponsein Fig-
ureF.4 expect }�� to beabout-1 and }$� to be
about-3.
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Figure F.7: Experiment6. Responseof re-
boiler level to a stepin heatinput at t = 10
s

Again, this doesnot agreevery well with
the estimatedvalues of about -0.52 and -
0.70, even if the sign d�� and d$e is correct.
This deviation may seemvery large, but the
estimatedvaluesare very sensitive to small
changesin the data. For example,consider
Experiment6 for which we estimated0e �� Ü Úf� . Recall from Eq. F.36 that d hastwo
contributionswith differentsigns(seeTable
F.1). Both of thesearevery sensitive to the

value of the vapor flow. For example, the
magnitudeof the pressuredrop term (which
yields a negative contribution to d ) is pro-
portional to g , while the froth densityterm
(which yields a positive contribution to d )
maybecomelessimportantas g is increased
(becausethe froth density

Ì
cannotbe less

than 0). For experiment6, we obtainedin
Section3 h þ0i = 6.02s - 5.23s = -0.70s.

If we decreasethe vapor flow by 20%
thenwe find h þ0i = 4.812s - 6.32s = - 1.51
s. h�� is unchangedat 1.11s, sowe find that
a 20% decreasein g changesthe estimated
valueof d i from - 0.70to 1.35suchthatan
inverseresponsefor the bottom sectioncan
be expected.On theotherhand,an increase
in vaporflow by 20%changestheestimated
d i from -0.70to -2.49,which is ratherclose
to theexperimentalvalueof about-3.

F.6 Discussionand Conclu-
sion

The agreementwith the experimental re-
sponsesand simulationsusing the detailed
modelweregenerallyvery good,exceptfor
the initial effect of changesin vapor flow
(e.g.,asexpressedby theparameterd ). How-
ever, this was obtainedonly after consider-
ableeffort (includingsomeparameterfitting)
so in generalwe believe it is difficult to pre-
dict accuratelythe initial responseof distil-
lation columnsbasedon only geometricdata
aboutthe column and thermodynamicdata.
Two reasonsare:

1. Thecorrelationsfor estimatingthetray
holdupsareempiricalanddo not seemvery
reliable.For example,this appliesto thefor-
mulafor estimatingthefroth density.

2. Even with a goodmodel for estimat-
ing the tray holdups,the dynamicresponse,
for exampleasexpressedby d , is very sen-
sitive to small changesin the parameters.
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This meansthatonecannotexpectto beable
to predict from tray dataalonewhetherone
will an have inverseresponseto changesin
boilup.

In general,the inverseresponseis unde-
sirableso onewould like to have dkjml�n�o .
Fortunately, the modelsgive us insight into
how the tray designshould be changedto
achieve this. The reasonfor the undesired
positivecontribution to d is theswellingdue
to bubbles. This effect seemsdifficult to
avoid and is probablydesirableto improve
masstransfer. To make d more negative
oneneedsto increasethedowncomerholdup
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 alternative, which may be
more attractive, is to usea packed columns
whereliquid holdupgenerallyincreaseswith
vaporflow, implying that d is generallyneg-
ative.

For control purposesone may want h�p
largeasthis increasestheliquid lag from the
top to the bottom of the column, and thus
tendsto decouplethe dynamic responsein

thetwo columnends.To increaseh�p onemay
increaseqRrUs by usinga shorteroutlet weir.
Alternatively, onemay increasethepressure
drop under the downcomerto increasethe
term q5t^rvu�u . For packed columnsall the liq-
uid contributesto the liquid lag, h�p (asthere
is no holdupunderthe weir or in the down-
comer), so althoughthe liquid holdup in a
packed column is generallysmaller than in
a trayedcolumn,the decouplingeffect from
theliquid flow dynamics(asexpressedby h�p )
maynotbeany less.

In conclusion,the dynamic simulations
basedon a detailedmodelgave goodagree-
ment with experimentalresponses,while it
wasfoundthatsimplermodelsbasedoncon-
stantmolar flows and linear tray hydraulics
gave quite large deviations. Better correla-
tionsareneededfor predictingtheholdupon
the trays for the rigorousmodel. However,
even with improved correlationsonecannot
expectto getaccuratepredictionsof theflow
behavior (e.g. d ) becauseof strongsensitiv-
ity to parameterchanges.Onewill therefore
in mostcasesneedexperimentaldatato vali-
datetheresponsesandpossiblyadjustparam-
etersin themodelfor thetray hydraulics.
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Notation
x

area y{z|�}
dischargecoefficient~
diameter y�y�\�
molarfeedflow of
component� ��y{�������� standardacceleration
of gravity y���� z

� molarenthalpy ���a����y{���
� height y�y�

equilibriumconstant
� constant� u dimensionlessvelocity
� characteristiclength mm

���
molarliquid flow of
component� ��y{��������
molarholdup ��y{������
molecularweight � � ����y{����
Numberof trays� pressure bar,

� ��y z� liquid flow y{�X����
temperature r |

� velocity y�����
molarvaporflow kmol/h� ��� volume y{��-���¡  � equilibriummolarfractionvapor� � molarfractionof component�
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¢ � molarfractionof component�£ � molarfractionof component�

GreekSymbols
¤

pressuredrop
� ��y z¥G¦ liquid massdensity � � ��y{�¥ liquid molardensity ��y{������y �§

froth density¨
time delay �©
vaporconstantª time constant �« empiricalparameter

Subscripts

a downcomerapronarea
cl clearliquid

d, dc downcomer
dry parameterreledto dry pressuredrop
eq equilibriumcomposition
h holeareaof thetray
i identifier
in flow into thesystemvolume
n index for numberof components
l liquid phase
loss hydrodynamiclosses
out flow outof thesystemvolume
ow over weir
seal sealpanof downcomer
stage stageconsistingof trayanddowncomer
t tray
tot total
uw underweir
v vaporphase
weir weir geometry


