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8. 8. ShortShort introductionsintroductions to:to:
process process equipmentequipment and design;and design;

biotechnologybiotechnology;;
process process dynamicsdynamics and and controlcontrol

Ron Ron ZevenhovenZevenhoven
Åbo Akademi UniversityÅbo Akademi University

Heat Heat EngineeringEngineering LaboratoryLaboratory / Värmeteknik/ Värmeteknik
tel. 3223 ; tel. 3223 ; ron.zevenhoven@abo.firon.zevenhoven@abo.fi

Processteknikens grunder (”PTG”) Processteknikens grunder (”PTG”) 
IntroductionIntroduction to Process to Process EngineeringEngineering

v. v. 20082008
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8.1 Process 8.1 Process equipmentequipment
and designand design

SeeSee alsoalso coursescourses offeredoffered byby
LaboratoryLaboratory for Process Design for Process Design (”Anläggningsteknik”)(”Anläggningsteknik”)
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Chemical Chemical processesprocesses designdesign

SchematicSchematic laylay--outout of a of a 
typicaltypical chemicalchemical processprocess

RestrictionsRestrictions to the to the 
design of a design of a chemicalchemical
processprocess

Pictures: CR93
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Process design Process design aspectsaspects
•• Total process Total process laylay--outout and design, and design, includesincludes

–– massmass balancesbalances, , energyenergy balancesbalances, , energyenergy losseslosses analysisanalysis
–– reactorsreactors and and catalystscatalysts, , biochemistrybiochemistry issuesissues
–– unitunit operations operations ((svsv: enhetsoperationer): enhetsoperationer) equipmentequipment: heat : heat 

exchangersexchangers, separation , separation processesprocesses, pumps/, pumps/compressorscompressors, , 
pipes and pipes and tubingtubing, solids handling,......, solids handling,......

–– electricityelectricity, , steamsteam/hot water, /hot water, compressedcompressed air, air, coolingcooling water, ...water, ...
–– locationlocation and and sitesite considerationsconsiderations
–– safetysafety issuesissues
–– process process controlcontrol
–– scalescale--upup issuesissues
–– mechanicalmechanical aspectsaspects
–– rawraw material and material and productproduct handlinghandling
–– wastewaste and and byby--productproduct handlinghandling
–– economiceconomic analysisanalysis, legal , legal issuesissues
–– sustainabilitysustainability, , designdesign--forfor--recyclingrecycling

with with helphelp from from chemistschemists, , mechanicalmechanical engineersengineers, ...!!, ...!!
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MassMass and and energyenergy balancesbalances
•• MassMass balancebalance: for : for eacheach massmass streamstream, , eacheach nonnon--

reactingreacting species and species and eacheach element of element of periodicperiodic tabletable
in + in + productionproduction = = outout + + consumptionconsumption + + accumulationaccumulation

•• EnergyEnergy balancebalance: in = : in = outout + + accumulationaccumulation
1st 1st LawLaw of of ThermodynamicsThermodynamics: ”: ”EnergyEnergy productionproduction” or                ” or                
””energyenergy consumptionconsumption” not ” not possiblepossible !!

2nd 2nd LawLaw of of ThermodynamicsThermodynamics: : EntropyEntropy productionproduction ≥≥ 00

! Steady state:
accumulation = 0

T

Q
S s,mS :streams entropy

VpUpv)(umhmH enthalpy

 zg,m energy potential ,vm½ energy kinetic

,WP power ,Q heat :streams energy

heatmass

2

&
&&&

&&&&&

&&

&&

==

+=+==

= exothermic, 
fast chemistry

→
entropy

production; 
high losses
especially at 

low temperatures!
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ExampleExample: : material material balancebalance vinyl vinyl chloridechloride plant /1plant /1

•• ProductionProduction of vinyl of vinyl 
chloridechloride (VC, C(VC, C22HH33Cl) Cl) 
for polyvinyl for polyvinyl chloridechloride
(PVC) (PVC) 

•• EthyleneEthylene ((etheneethene, , 
CC22

==, C, C22HH44) input is ) input is 
adjustedadjusted to to balancebalance
the the chlorinationchlorination and and 
oxychlorinationoxychlorination
processesprocesses

•• UsingUsing the data the data →→
given, given, calculatecalculate flowsflows
((kmolkmol/h) of C/h) of C22

== to to 
reactorsreactors A and B, and A and B, and 
of of dichloroethanedichloroethane
(DCE) to (DCE) to reactorreactor C, C, 
for 12500 kg/h VC for 12500 kg/h VC 
productionproduction

Pictures: CR93

molar masses: HCl = 36.5 g/mol; 
VC = 62.5 g/mol; DCE = 99 g/mol

X

Y

Z
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ExampleExample: : material material balancebalance vinyl vinyl chloridechloride plant /2plant /2

•• 12500 kg/h VC 12500 kg/h VC productionproduction = 200 = 200 
kmolkmol/h/h

•• With CWith C22
== streamsstreams X X intointo reactorreactor A A 

and Y and Y intointo reactorreactor B, and B, and HClHCl
recyclerecycle streamstream Z from Z from reactorreactor C:C:

DCE DCE productionproduction = 0.98= 0.98··X+0.95X+0.95··YY

whichwhich is is equalequal to to HClHCl producedproduced in C: Z = 0.995in C: Z = 0.995··(0.98(0.98··X+0.95X+0.95··Y)    *)Y)    *)

•• BasedBased on on HClHCl, the DCE , the DCE yieldyield is 90%: DCE is 90%: DCE producedproduced in B = ½in B = ½··0.90.9··ZZ

•• Based on Based on CC22
== the DCE the DCE yieldyield is 95%: DCE is 95%: DCE producedproduced in B = 0.95in B = 0.95··YY

→→ this gives Z = 2this gives Z = 2··YY··0.95/0.9, substituted into *) gives Y = 0.8370.95/0.9, substituted into *) gives Y = 0.837··XX

•• It is given that VC It is given that VC productionproduction = 99% of DCE = 99% of DCE productionproduction::

→→ 0.990.99··((0.980.98··X+0.95X+0.95··Y) = 200 Y) = 200 kmolkmol/h, with /h, with Y = 0.837Y = 0.837··X gives X gives 
finally : finally : X = 113.8 X = 113.8 kmol/hkmol/h; Y = 95.3 ; Y = 95.3 kmol/hkmol/h, Z = 201.1 , Z = 201.1 kmol/hkmol/h

•• The overall VC The overall VC yieldyield basedbased on on CC22
== is 200/(113.8+95.3) = 0.96 (96%)is 200/(113.8+95.3) = 0.96 (96%)

Picture: CR93(Y)
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MassMass balancesbalances in in matrixmatrix form form /1/1

ExampleExample: : acetoneacetone productionproduction

from from isopropylisopropyl alcoholalcohol::

CC33HH77OH OH + + catcat.+ heat  .+ heat  →→

(CH(CH33))22CO + HCO + H22

Pictures: CR93

Acetone
Flow Chart
source: Dow 
Plastics, 2003
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MassMass balancesbalances in in matrixmatrix form form /2/2

ExampleExample: : acetoneacetone productionproduction

from from isopropylisopropyl alcoholalcohol::

CC33HH77OH OH + + catcat.+ heat .+ heat →→

(CH(CH33))22CO + HCO + H22

kg/s) or(mol/s α λ 

equals j to i from k component of flow :example for

kg/s) or(mol/s  i unit into k component of feed fresh g

(-) j unit into leaving i, unit entering k component of          

 flow the of fractiont"coefficien fraction-split"  α

kg/s) or(mol/s  i unit into k component of flow total   λ

(-) number unit      i

:equations  balance material

 infractions -split calledso Using

ki,j,ki,

ki,0,

ki,j,

ki,

⋅

=

==

=
=

−

For example, using split-fractions

Pictures: CR93
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MassMass balancesbalances in in matrixmatrix form form /3/3

ExampleExample: : acetoneacetone productionproduction

from from isopropylisopropyl alcoholalcohol::

CC33HH77OH OH + + catcat.+ heat .+ heat →→

(CH(CH33))22CO + HCO + H22

FlowsFlows, , splitsplit--fractionsfractions and and feedsfeeds

The set of The set of equationsequations for the systemfor the system
e.ge.g. . λλ1k1k –– αα15k15k··λλ5k5k = g= g10k10kPictures: CR93

i →
j ↓
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FlowFlow--sheetingsheeting, plant , plant laylay--outout

An An exampleexample flowflow--sheetsheet for for 
polymer polymer productionproduction

•• The process The process flowflow--sheetsheet
shows the shows the equipmentequipment
arrangementarrangement, , streamstream
connectionsconnections, operating , operating 
conditionsconditions, , flowflow ratesrates and and 
oftenoften alsoalso compositionscompositions

•• BasedBased on the on the flowflow--sheetsheet, , 
the the equipmentequipment, , pipingpiping, , 
instrumentation and plant instrumentation and plant 
((svsv: anläggning): anläggning) laylay--outout cancan
be be designeddesigned

Picture: CR93

P
ic

tu
re

: 
ht

tp
://

w
w

w
.a

ita
c.

nl
/p

la
nt

/h
tm

l/p
la

nt
ga

lle
ry

.h
tm

l

Conceptual
site lay-out of 
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at Nanhai
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Process Process equipmentequipment /1/1

•• Material transfer: Material transfer: 
–– gasesgases: : compressorscompressors, , blowersblowers, fans, fans
–– liquidsliquids: pumps: pumps
–– liquidliquid/gas /gas mixesmixes: emulsion pumps: emulsion pumps
–– liquidliquid/solid /solid slurriesslurries: pumps, : pumps, hydraulichydraulic conveyingconveying
–– solids: solids: pneumaticpneumatic conveyingconveying, , mechanicmechanic conveyingconveying

•• RawRaw material / material / productproduct processingprocessing::
–– crusherscrushers, , grindersgrinders, mixers, , mixers, blendersblenders, , packagingpackaging

•• ReactorsReactors: : importantimportant aspectsaspects
–– phasephase contactingcontacting, , mixingmixing or or plugplug

flowflow, , residenceresidence time distribution,                       time distribution,                       
batchbatch or or continuouscontinuous, heat input or                       , heat input or                       
output, output, catalystcatalyst recoveryrecovery, , pressurepressure pi

ct
ur

e:
 h

ttp
://

w
w

w
.m

at
er

ia
la

ns
w

er
s.

co
m

/fa
na

ly
si

s/
re

ac
to

r.
ht

m



1313/44/44#8/8#8/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

Process Process equipmentequipment /2/2

•• Heat Heat exchangersexchangers, , condenserscondensers, , evaporatorsevaporators, , 
refrigeratorsrefrigerators, heat transfer , heat transfer networksnetworks ((HENsHENs))

•• FurnacesFurnaces, boilers, power , boilers, power utilitiesutilities

•• Separation & Separation & mixingmixing processesprocesses::
–– distillationdistillation, absorption / , absorption / desorptiondesorption, , extractionextraction, .... , .... 

in in traytray columnscolumns, , packedpacked towertower columnscolumns, ....., .....

–– devicesdevices for for separatingseparating solids from                    solids from                    
liquidsliquids or or gasesgases

–– stirredstirred vesselsvessels, , otherother mixingmixing and                     and                     
blendingblending devicesdevices

•• Process Process safetysafety management management 

•• Process Process controlcontrol system system P
ic

tu
re

:h
ttp

://
w

w
w

.g
ds

en
g.

co
m

/s
er

vi
ce

s_
pr

oc
es

s.
as

p

1414/44/44#8/8#8/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

ScaleScale--upup
•• ImportantImportant: : dimensionaldimensional analysisanalysis

and and geometricgeometric similaritysimilarity
ReRelabscalelabscale= = ReRefullscalefullscale, , 

heightheight / / diameterdiameterlabscalelabscale= = 

heightheight / / diameterdiameterfullscalefullscale

ΔΔp/(p/(½½ρρvv22))labscalelabscale = = ΔΔp/(p/(½½ρρvv22))fullscale fullscale 

NuNulabscalelabscale = = NuNufullscalefullscale etc. etc.  etc. etc.  

•• KeepKeep residenceresidence time time constantconstant ! ! 

•• ConstantConstant power/power/volumevolume,       ,       
similarsimilar tiptip speed for mixers        speed for mixers        
and and impellersimpellers, ....., .....

•• OftenOften scalescale--upup involvesinvolves nonnon--
geometricgeometric similaritysimilarity !!
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Materials and Materials and constructionconstruction
•• TemperatureTemperature, , pressurepressure, material , material propertiesproperties, , weightweight, , 

resistanceresistance to to chemicalschemicals, , durabilitydurability, , safetysafety and and costcost
requirementsrequirements determinedetermine the the choicechoice of material:of material:

–– ironiron, , steelsteel, , alloysalloys, , ceramicsceramics, glass, , glass, 
plastics/polymers, plastics/polymers, woodwood

•• ApparatusApparatus constructionconstruction shouldshould resistresist and and endureendure
staticstatic loadload and and dynamicdynamic loadload::

–– pullpull ((svsv: drag): drag), , pressurepressure ((svsv: tryck): tryck),                           ,                           
shearshear ((svsv: : skjuvningskjuvning)), turning                                      , turning                                      
((svsv: vridning): vridning), bending , bending ((svsv: böjning): böjning),                        ,                        
breakingbreaking ((svsv: knäckning): knäckning)

•• NoteNote: : chemicalchemical engineerengineer ≠≠ mechanicalmechanical engineerengineer !!!!

•• SeeSee coursescourses Equipment Design I+II (”Apparatteknik I+II”)Equipment Design I+II (”Apparatteknik I+II”) P
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Process simulationProcess simulation
•• Softwares Softwares suchsuch as as Aspen Plus, Process, Aspen Plus, Process, GateCycleGateCycle

(for power plants)(for power plants) and and manymany othersothers cancan be be usedused to to 
simulatesimulate completecomplete chemicalchemical processingprocessing systemssystems

•• BasedBased on on simultaneouslysimultaneously solvingsolving massmass balancesbalances and and 
energyenergy balancesbalances, , usingusing stoichiometrystoichiometry data or data or GibbsGibbs’ ’ 
energyenergy minimisationminimisation to to calculatecalculate reactorreactor productproduct
compositioncomposition

•• NonNon--
stationarystationary
and and transienttransient
behaviourbehaviour
gives gives 
information information 
on process on process 
dynamicsdynamics Aspen Plus model for Ca(OH)2 production from CaSiO3

(from S. Teir, TkL thesis TKK 2006)
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Process integration, Process integration, pinchpinch /1/1

•• Process integration Process integration dealsdeals primarilyprimarily with with process process 
energyenergy and and efficientefficient design of heat design of heat exchangerexchanger
networksnetworks ((HENsHENs))

•• ImportantImportant for the system is the for the system is the soso--calledcalled pinchpinch pointpoint; ; 
heat heat shouldshould not be ”not be ”transferredtransferred acrossacross the the pinchpinch””

•• CombiningCombining the hot the hot 
streamsstreams and and coldcold streamsstreams
of a system of a system intointo twotwo
compositecomposite curvescurves
((temperaturetemperature versusversus
enthalpyenthalpy) shows the ) shows the 
minimum minimum temperaturetemperature:  :  
the the pinchpinch

•• The The pinchpinch dividesdivides the the 
system in system in twotwo ”regions””regions” Picture: CR93

Example process with two hot streams to 
be cooled and two cold streams to be 
heated up.
CP = stream heat capacity = m·cp (W/°C)
with cp averaged between Tin and Tout

.
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Process integration, Process integration, pinchpinch /2/2

↑↑ GridGrid for the for the fourfour--streamstream networknetwork ProposedProposed heat heat exchangerexchanger networknetwork for for ΔΔTTminmin = 10 K = 10 K ↑↑

↑↑ Hot Hot streamstream temperaturestemperatures versusversus enthalphyenthalphy Hot and Hot and coldcold streamstream compositecomposite curvescurves ↑↑

Pictures: CR93

For the 
example

on previous
slide
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Process Process optimisationoptimisation
•• Process Process optimisationoptimisation mainlymainly involvesinvolves

–– Parameter/variable Parameter/variable optimisationoptimisation →→ optimal process optimal process conditionsconditions

–– StructuralStructural optimisationoptimisation →→ the optimal process design for a the optimal process design for a 
given given objectiveobjective, , usuallyusually max $, €, max $, €, ¥¥, , ££, , …… i.e. i.e. profitprofit))

•• A process design A process design cancan be be optimisedoptimised by by givinggiving the the 
possiblepossible process process unitsunits a a digitdigit ((existingexisting = 1, = 1, nonnon--existingexisting = = 

0),0), besidesbesides the the balancebalance equationsequations for for massmass and and 
energyenergy, , usingusing concentrationsconcentrations, , volumesvolumes, , temperaturetemperature, , 
pressurepressure, .... , .... (and time, (and time, ifif necessarynecessary))

•• This gives a mixed This gives a mixed integerinteger nonnon--linearlinear programmingprogramming
(MINLP) problem that (MINLP) problem that cancan be be solvedsolved usingusing (for (for exampleexample))

an an alternatingalternating procedureprocedure basedbased on mixed                  on mixed                  
integerinteger linearlinear programmingprogramming (MILP)                           (MILP)                           
and and nonnon--linearlinear programmingprogramming (NLP)(NLP)

See also W98 chapter 7        
& TkF VT course
424500 ”Optimization”

2020/44/44#8/8#8/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

8.2 8.2 BiotechnologyBiotechnology

SeeSee alsoalso coursescourses offeredoffered byby
LaboratoryLaboratory for Process Design for Process Design (”Anläggningsteknik”)(”Anläggningsteknik”)
and the and the 
LaboratoryLaboratory for Heat for Heat EngineeringEngineering (”(”VarmeteknikVarmeteknik”)”)



2121/44/44#8/8#8/8

In
tr

od
uc

tio
n

In
tr

od
uc

tio
n

to
 P

ro
ce

ss
 

to
 P

ro
ce

ss
 E

ng
in

ee
rin

g
E

ng
in

ee
rin

g
(P

T
G

)
(P

T
G

)

TkFTkF VT VT rz08rz08

BiotechnologyBiotechnology: : productsproducts
•• TypicalTypical productsproducts from from 

biotechnologybiotechnology
–– Cell Cell biomassbiomass: : yeastyeast, , singlesingle--cellcell

protein, ...protein, ...

–– ProductsProducts of cell metabolism:of cell metabolism:
•• AnaerobicAnaerobic: : alcoholsalcohols, , organicorganic

acidsacids, H, H22, CO, CO22, ..., ...

•• AerobicAerobic: : citratecitrate, , glutamateglutamate, , 
lactatelactate, , antibioticsantibiotics, , 
hydrocarbonshydrocarbons, , 
polysaccharidespolysaccharides, ..., ...

–– ProductsProducts of of reactionsreactions catalysedcatalysed
by by enzymesenzymes: : cancan be be virtuallyvirtually
anythinganything ......
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BiotechnologyBiotechnology –– somesome issuesissues
•• ImportantImportant applicationsapplications: : beerbeer and and winewine productionproduction, , moremore recentlyrecently

((wastewaste) water ) water treatmenttreatment and and productionproduction of medicine and of medicine and drugsdrugs
•• For For itsits growthgrowth, a , a micromicro--organismorganism needsneeds energyenergy, a , a substratesubstrate

basedbased on (on (organicorganic) ) carboncarbon, plus nitrogen, minerals, , plus nitrogen, minerals, tracetrace
elements, vitamins, .....elements, vitamins, .....

•• The The micromicro--organismorganism itselfitself shouldshould be be lookedlooked at as a at as a reactorreactor, with , with 
enzymesenzymes as the as the catalystscatalysts

•• BioBio--reactorsreactors are are usuallyusually batchbatch or or semisemi--batchbatch (”(”fedfed--batchbatch”)”)
processesprocesses,, sometimessometimes continuouscontinuous

•• ((SemiSemi--)batch)batch processesprocesses havehave drawbacks (drawbacks (deaddead time, time, loadingloading,  ,  
unloadingunloading, , sterilizingsterilizing, ....) , ....) butbut allowallow for for betterbetter process process controlcontrol

•• ContinuousContinuous processesprocesses havehave the risks of the risks of contaminationscontaminations, , 
mutations, and mutations, and usuallyusually productionproduction volumesvolumes are                         are                         
tootoo small. small. AlsoAlso, , continuouscontinuous processingprocessing upup--
streamstream and and downdown--streamstream maymay be be difficultdifficult

•• MembraneMembrane technologytechnology maymay make biomake bio--
processesprocesses moremore continuouscontinuous in the in the futurefuture
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BioreactorsBioreactors
•• MostMost bioreactorsbioreactors are are 

multimulti--phasephase reactorsreactors

•• The The mainmain distinctiondistinction
is is howhow contactingcontacting
betweenbetween micromicro--
organismsorganisms, , 
substratesubstrate and (and (ifif
aerobicaerobic) air is ) air is donedone

•• In In submergedsubmerged
reactorsreactors the the micromicro--
organismsorganisms are are 
disperseddispersed; in ; in 
surfacesurface reactorsreactors
theythey adhereadhere to a to a 
solid solid surfacesurface or or floatfloat
on the on the substratesubstrate

pictures: MMD01

↑ Submerged reactors        ↓ Surface reactors
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8.3 Process 8.3 Process dynamicsdynamics and and controlcontrol

SeeSee coursescourses offeredoffered byby
LaboratoryLaboratory for Process Control for Process Control (”Reglerteknik”)(”Reglerteknik”)
and by the and by the 
Department of Information TechnologiesDepartment of Information Technologies
(”Datateknik” avdelningen)(”Datateknik” avdelningen)
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The The rolerole of process of process controlcontrol
•• Operation of (Operation of (chemicalchemical) ) processingprocessing unitsunits shouldshould

–– Be Be safesafe, , withoutwithout risk to risk to people’speople’s healthhealth, the , the environmentenvironment or or 
process process equipmentequipment

–– ProduceProduce productproduct amountsamounts accordingaccording to (market) to (market) requirementsrequirements
–– ProduceProduce productsproducts accordingaccording to to qualityquality specificationsspecifications

•• TheseThese threethree objectivesobjectives are are correlatedcorrelated: : changingchanging oneone
resultsresults in in changeschanges for the for the otherother twotwo

•• ManyMany processesprocesses, , especiallyespecially chemicalchemical processesprocesses, are , are 
dynamicdynamic: : theirtheir variables variables changechange with timewith time

•• In order to In order to maintainmaintain safesafe operation                    operation                    
accordingaccording to the to the objectivesobjectives::

–– selectedselected variables are variables are monitoredmonitored, and, and
–– basedbased on the on the monitoringmonitoring data, data, changeschanges cancan

be be mademade to process operationto process operation

•• This is This is referredreferred to as to as process process controlcontrol P
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Process Process dynamicsdynamics and and controlcontrol
•• Process Process dynamicsdynamics and and controlcontrol cancan be be defineddefined as: as: 

”that ”that aspectaspect of of chemicalchemical engineeringengineering concernedconcerned with with 
the the analysisanalysis, design and , design and implementationimplementation of of controlcontrol
systems that systems that facilitatefacilitate the the achievementachievement of of specifiedspecified
objectivesobjectives of of safetysafety, , productionproduction ratesrates and and productproduct
qualityquality”” (OR94)(OR94)
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /1/1

•• A A furnacefurnace is is usedused to to preheatpreheat crudecrude
oiloil for for fractionationfractionation in a in a refineryrefinery

•• In: In: oiloil temperaturetemperature TTii, , flowflow FF

•• In: In: fuelfuel flowflow QQFF, , pressurepressure PPFF, heat , heat 
contentcontent λλFF, air , air flowflow QQAA

•• OutOut: : temperaturetemperature T, T, flowflow FF00

•• GoalGoal: : temperaturetemperature outout T* and T* and flowflow FF00

•• ConstraintConstraint: : furnacefurnace tubetube temperaturetemperature
shouldshould be < be < TTmaxmax

•• Problem: the Problem: the heatingheating fuelfuel comescomes
from the from the refineryrefinery downstreamdownstream, , 
thereforetherefore supplysupply pressurepressure and heat and heat 
contentcontent varyvary

Picture: OR94

Set-point,
changes from 
time to time
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /2/2

•• Instrumentation:Instrumentation:

ThermocouplesThermocouples for Tfor Tii and T,  and T,  
+ + flowflow meters for F and Qmeters for F and QFF,    ,    
+ + controlcontrol valvesvalves for  for  fuelfuel & air, & air, 
+ + measurementmeasurement of of furnacefurnace
tubetube temperaturetemperature

•• Manual Manual controlcontrol by the operator by the operator 
gives gives resultsresults that are not that are not goodgood
enoughenough, the , the FigureFigure →→
shows the shows the responseresponse to a step to a step 
increaseincrease in the in the feedratefeedrate FF

•• A (A (betterbetter) process ) process controlcontrol
system is system is neededneeded..

Pictures: OR94
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /3/3

•• Control system 1:Control system 1:

A feedback system A feedback system 
basedbased on a on a 
temperaturetemperature controller controller 
(TC) at the (TC) at the crudecrude oiloil
outletoutlet

ResultResult: : sometimessometimes
tootoo muchmuch of of lowlow
temperaturetemperature crudecrude oiloil
output for a output for a longlong timetime

Picture: OR94
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /4/4

•• Control system 2:Control system 2:

A A feedforwardfeedforward system system 
basedbased on a on a flowflow
controller (FC) at the controller (FC) at the 
crudecrude oiloil inletinlet

ResultResult: a different : a different 
steadysteady--statestate thanthan the the 
setset--pointpoint T*, = T*, = ””offsetoffset””

Pictures: OR94
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /5/5

•• Control system 3:   Control system 3:   
A A feedforwardfeedforward system system 
basedbased on a on a flowflow
controller (FC) at the controller (FC) at the 
crudecrude oiloil inletinlet
+ + feedback system feedback system 
basedbased on a on a 
temperaturetemperature controller controller 
(TC) at (TC) at crudecrude oiloil outletoutlet

ResultResult: still : still sometimessometimes
unacceptableunacceptable
fluctuationsfluctuations in T       in T       
((duedue to to fuelfuel pressurepressure and and 
qualityquality variations)variations)

Picture: OR94
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ExampleExample 1: 1: crudecrude oiloil preheaterpreheater furnacefurnace /6/6

•• Control system 4:Control system 4:

FeedforwardFeedforward system system 
basedbased on FC at on FC at crudecrude
oiloil inletinlet

+ + feedback system feedback system 
basedbased on TC at on TC at crudecrude
oiloil outletoutlet

+ + flowflow controller controller 
betweenbetween temperaturetemperature
controller and  controller and  flowflow
controlcontrol valvevalve for for fuelfuel
flowflow QQF F : ”inner loop”: ”inner loop”

Picture: OR94
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Process variablesProcess variables
•• Input variablesInput variables cancan

independentlyindependently changechange
the the internalinternal statestate of the  of the  
process:process:
–– ThoseThose that that cancan be be 

manipulatedmanipulated freelyfreely are are 
controlcontrol variablesvariables

–– ThoseThose that that cannotcannot be be 
manipulatedmanipulated freelyfreely are are 
disturbancedisturbance variablesvariables

•• Output variablesOutput variables givegive
information information aboutabout the the 
internalinternal statestate of the of the 
processprocess

•• SomeSome input / output input / output 
variables variables cancan be be measuredmeasured
onon--line, line, othersothers cannotcannot

•• State variablesState variables are the are the 
minimum set of variables minimum set of variables 
that that completelycompletely describedescribe
the the internalinternal statestate of the of the 
process process Picture: OR94
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ExampleExample 2: 2: stirredstirred heatingheating tank processtank process

•• The The temperaturetemperature T T 
of the of the liquidliquid in the in the 
tank must be tank must be 
regulatedregulated

•• IncomingIncoming liquidliquid
temperaturetemperature TTii

fluctuatesfluctuates

•• SteamSteam flowrateflowrate Q Q 
cancan be be 
manipulatedmanipulated

Picture: OR94
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Control systemsControl systems

ShowingShowing alsoalso sensors, sensors, 
controllers, transmitters controllers, transmitters 
and and otherother controlcontrol
elementselements

•• Feedback Feedback controlcontrol
•• FeedforwardFeedforward controlcontrol ↑↑
•• Open loop Open loop controlcontrol →→

(not (not basedbased on on measurementmeasurement
data from the process !)data from the process !) Pictures: OR94

↑
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RegulatoryRegulatory or servo or servo controlcontrol
For For controlcontrol systems systems 
that must that must maintainmaintain a a 
setset--pointpoint::

•• In servo In servo controlcontrol
systems the output systems the output 
is is usedused to to tracktrack a a 
changingchanging setset--pointpoint
→→ FigureFigure (a)(a)

•• RegulatoryRegulatory controlcontrol
systems systems counteractcounteract
the the effecteffect of of 
disturbancesdisturbances
→→ FigureFigure (b)(b) Picture: OR94
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ExampleExample 3: 3: A A liquidliquid receiver tank /1receiver tank /1

•• LiquidLiquid inflowinflow FFii, , 
(different) (different) outflowoutflow FF

•• ConstantConstant crosscross--
sectionalsectional area Aarea Acc

•• Control Control valvesvalves at at 
inletinlet and and outletoutlet

•• MeasurementMeasurement
devicesdevices for for liquidliquid
levellevel + for in+ for in-- and and 
outflowoutflow

•• ObjectiveObjective: a : a constantconstant
liquidliquid levellevel

Picture: OR94
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ExampleExample 3: 3: A A liquidliquid receiver tank /2receiver tank /2

•• ConfigurationConfiguration 11

Feedback: Feedback: outflowoutflow
regulatesregulates the the liquidliquid levellevel

•• ConfigurationConfiguration 22

FeedforwardFeedforward: : outflowoutflow, , 
controlledcontrolled by the by the inflowinflow, , 
regulatesregulates the the liquidliquid levellevel

Picture: OR94
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ExampleExample 3: 3: A A liquidliquid receiver tank /3receiver tank /3
•• ConfigurationConfiguration 33

LiquidLiquid flowsflows outout by by 
gravitygravity, , valvevalve for F in for F in 
fixedfixed position position (i.e. (i.e. raterate F is F is 

controlledcontrolled by by liquidliquid levellevel !)!)

and and inletinlet flowflow regulatesregulates
the the liquidliquid levellevel

•• ConfigurationConfiguration 44

Dual Dual controlcontrol system for system for 
liquidliquid levellevel ++temperaturetemperature

The The liquidliquid levellevel controller controller willwill
alwaysalways interfereinterfere with with liquidliquid
temperaturetemperature and and itsits controllercontroller

Picture: OR94
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Control system Control system structurestructure

TypicalTypical elements of a elements of a 
commercialcommercial distributeddistributed
controlcontrol system (DCS) system (DCS) 
networknetwork

Pictures: OR94
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DistributedDistributed controlcontrol system system exampleexample
DCS for the evaporation DCS for the evaporation sectionsection of of 
a plastics a plastics manufacturingmanufacturing processprocess

Pictures: OR94

Graphic
display

Commercial
DCS 

network
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Process Process dynamicsdynamics

Dynamics Dynamics responsesresponses of a of a linearlinear system to a step system to a step changechange in the inputin the input

Picture: OR94
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TheoreticalTheoretical process process modellingmodelling

Picture: OR94
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