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Introduction Introduction 

Introductio n n 

Mainn contribution s 

Thiss thesis brings the following contributions to the field of integration between 

designn and control: 

1.. Systemic, two-level approach to integrated design and control of chemical processes. This 

involves:: i) design of controllable basic flowsheet structures (BFS), the building blocks of 

chemicall  plants, and ii) coupling the BFS in a controllable flowsheet. The approach is 

compatiblee with the hierarchical methodology of conceptual design. 

2.. Guidelines for controllable design of a heat-integrated distillation system with 

prefractionator,, recommending the forward heat-integrated alternative. 

3.. Nonlinear approach to problems where state multiplicity and instability limits the range of 

controllablee designs. Desirable regions of operation and potential stability or operability 

problemss are found after dividing the space of design parameters in regions with different 

steady-statee and dynamic bifurcation diagrams. The approach is applied to heat-integrated 

chemicall  reactors, for which a design methodology is proposed. 

4.. Steady-state classification of ideal, binary distillation by rigorous application of the 

singularityy theory. In this way, all possible bifurcation diagrams are identified. The effect 

off  physical and design parameters on the location and extent of multiplicity region is 

presented. . 

5.. Introduction of plant Damkohler number (Da) to study the nonlinear behaviour of the 

reactorr separator-recycle systems. It is demonstrated that, for feasible operation, Da must 

exceedd a critical value Da", corresponding to a bifurcation point of the mass balance 

equations.. When Da is close to DaCT, control structures manipulating reaction conditions 

aree recommended. For large values of Da, reaction conditions may be kept constant. 
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Introduction Introduction 

Motivatio n n 

Inn an early paper, Ziegler and Nichols (1943) remarked that... 

".... it is important to realise that controller and process form a unit; credit or 

discreditt for results obtained are attributable to one as much as the other. A poor 

controllerr is often able to perform acceptably on a process which is easily controlled. 

Thee finest controller made, when applied to a miserably designed process, may not 

deliverr the desired performance." 

Thiss thesis addresses the problem of integrating conceptual design and plantwide 

control.. To give a comprehensive presentation, the thesis may be divided into three parts. 

First,, a systemic approach to integration between conceptual design and plantwide control is 

presented.. Afterwards, design of controllable basic flowsheet structures (BFS) is considered. 

Finally,, the nonlinear behaviour of reactor - separator - recycle systems is analysed, in order 

too account for the effect of BFS coupling on the overall controllability. 

Linearr  approach 

Thee most common approach to integration of process design and control is linear 

controllabilityy analysis. Because all process controllers seek to invert the process they control, 

anyy feature of the process which inhibits this mathematical inversion is a fundamental 

limitationn to control performance. Consequently, the controllability of a process design can be 

assessedd without the need to design the control system and simulate closed-loop dynamic 

behaviour.. Based on this ideas, many linear controllability indicators (Skogestad and 

Postlethwaite,, 1996) have been proposed and employed with good results. In this thesis, this 

diagnosis-orientedd approach is used to analyse the interaction between design and control a 

heat-integratedheat-integrated distillation system. Several designs alternatives are considered, their 

controllabilityy properties are analysed and guidelines for controllable design are derived. 

Nonlinearr  approach 

Nevertheless,, chemical plants are nonlinear systems. The nonlinearity of chemical 

processess manifests as parametric sensitivity, state multiplicity, instability, or oscillatory 

behaviourr (Seider and Brengel, 1991). These features can be predicted by singularity 

(Golubitskyy and Schaeffer, 1985) and bifurcation (Guckenheimer and Holmes, 1983) theories, 

whichh have been extensively applied in the field of chemical reaction engineering. However, 
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Introduction Introduction 

feww applications to design are reported (Russo and Bequette, 1995, Heiszwolf and Fortuin, 

1997,, Khinast et al., 1998). The ideas behind the synthesis-oriented nonlinear approach to 

integratee design and control are presented below. 

Generally,, the dependence of system's state vs. one distinguished operating variable 

(bifurcationn parameter) is presented in bifurcation diagrams. Then, codimension-2 bifurcation 

varietiess are computed. They divide the space of the remaining parameters into regions 

correspondingg to qualitatively-different bifurcation diagrams. This way, desirable regions of 

operationn and potential stability or operability issues are identified. Design alternatives near 

thee bifurcation varieties generally should be avoided. The reason is that die uncertainty of the 

designn parameters and the disturbances affecting the process may shift the operating point to a 

regionn where the qualitative behavior is different from the expected one. Then, undesirable 

phenomenaa may occur: loss of stability, reaction ignition or extinction, reverse sign of the 

gainn in control loops, etc. Moreover, close to bifurcation points, high sensitivity to 

disturbancess is expected. 

InIn this thesis, design and control of heat-integrated plug-flow reactors, binary 

distillation,distillation, and reactor-separator-recycle systems are considered by a nonlinear approach. 

Thesi ss overvie w 

Eachh chapter is written in the form of an article, including abstract, conclusions, 

literaturee references and notation sections. Thus, the chapters may be read independently. 

Chapterr  1. Integration of conceptual design and plantwide control 

PreviousPrevious work 

Inn the hierarchical approach to conceptual design (Douglas, 1988), the design process 

iss viewed as a hierarchy of activities in stages of increasing complexity. Because each stage 

inheritss information from its predecessors, the complexity is incremental and can be easily 

managed.. This approach proved successful in a broad range of applications. 

Thee plantwide control problem refers to design of the control loops needed to operate 

ann entire process and achieve its design objectives. However, it is not concerned with tuning 

andd behaviour of all control loops in a chemical plant, but rather with the control philosophy 

off  the overall plant (Skogestad and Larsson, 1998), with emphasis on the structural decisions 

(i.e.. what are the controlled outputs, manipulated inputs, measurements, control configuration 

andd controller type). 
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Duringg the last decade, many articles focussing on plantwide control have been 

published.. A partial list includes Price and Georgakis (1993), Ponton and Liang (1993), Price 

et.. al, (1994), Luyben et al. (1997), Ng and Stephanopoulos (1998), Zheng et al. (1999). 

Integrationn between plantwide control and conceptual design aims towards generation 

off  controllable design alternatives. Nevertheless, the above-cited papers invariably consider 

fixedd flowsheet structure and a fixed operating point. An exception is a study of reactor-

separation-recyclee processes performed be Lyman et al. (1996). The first step of their method 

wass the identification of the design decisions, which are related to flowsheet configuration, 

unitt sizing, and control structure. The authors recommend to keep the number of design 

decisionss small, a limit of six being suggested. Then, the effect of process design, control 

structuree and controller tuning on the dynamic performance was studied by designed 

experimentationn and extensive dynamic simulation. 

OriginalOriginal contribution 

However,, generating all design alternatives of a chemical process is a very difficult 

task,, because the number of design decisions is very large. Moreover, designed 

experimentationn requires huge modelling and simulation effort. Consequently, a better design 

methodologyy incorporating controllability aspects is needed. We remark that the difficulty of 

thee problem stems from the limited information available at the early stages of design, in 

contrastt with the considerable consequences of the decisions taken. 

Chapterr  1 addresses the problem of integrating conceptual design and plantwide 

controll  by a systemic approach. Process plants are represented as subsystems, called basic 

flowsheett structures (BFS), that interact through material and energy streams. Each BFS has 

associatedd control objectives that can be achieved by manipulating local variables. The task of 

thee plantwide control system is to coordinate the BFS, by setting their control objectives. This 

representationn reveals two steps for integrating conceptual design and plantwide control: 

1.. Design controllable BFS. 

2.. Couple the basic flowsheet structures in such a way that a controllable system is obtained. 

Thiss way, it is possible to consider the plantwide control at a fundamental level of the 

hierarchicall  procedure of conceptual design. More specifically, the recycle structure of the 

flowsheet,, the reactor, and the performance of the separation units (product purity or 

recovery)) establish the mass balance. The reactor and separation are assumed to be 

controllable,, but this is set as an explicit task for their design. Plantwide control structures can 
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bee proposed and their performance can be assessed based on steady state sensitivity analysis 

orr on more advanced tools. The methodology, summarised in Table 0.1, was applied to 

toluenee hydrodealkylation (HDA) plant. 

Tablee 0.1 Summary of integrating conceptual design and plantwide control. 

Conceptuall  design Locall  control Plantwidee control 

0.. Initia l information 
Chemistry. . 
Raww materials. 
Productt specification. 
Economicc constraints 
1.Input-output t 
Feedd streams and purification. 
Recyclee reactants and reversible 
by-products.. Purge and bleed 
streams.. Outlet streams. 
Overalll  mass balance. 

2.. Recycle structure 
Recyclee streams. 
Materiall  balance with recycles. 
Reactorr design. 

3.. Separatio n syste m 
Generall  structure. 
Vapourr recovery and gas 
separations.. Solid recovery and 
separations.. Liquid separation. 
Designn variables by 
optimisation. . 

Productionn range and grades 
Raw-materialss variability 

Reactorr control Identify plantwide controlled and 
manipulatedd variables. 
Proposee control structures, based on 
simplifiedd material balance. 
Behaviourr of the reactor-separator-
recyclee system: set constraints for 
thee design variables; identify 
disturbancess affecting the 
separationn section. 

Controll  of the separation Evaluate control structures for 
unitss economic optimum operating 

point t 

Ensuree that all control-related constraints found at level 2 are 
fulfilled. . 

4.Energyy integratio n 
Heatt exchanger network. 

5.. Implementatio n of proces s 
contro l l 

Ensuree that controllability 
iss preserved. 

locall  heat-integration and 
decouplingg through the utility 
systemm improves controllability 

Dynamicc modelling, controller tuning, and dynamic simulation. 



Introduction Introduction 

Chapterr  2. Heat-integrated, complex distillation arrangements 

AA heat-integrated prefractionator / side-stream column configuration for ternary 

separationn was chosen as a case study for the diagnosis-oriented, linear approach to integrate 

designn and control of basic flowsheet structures. 

PreviousPrevious work 

Duee to the higher cost of energy during the last decade, there is an increased interest in 

heat-integrated,, complex distillation arrangements. These alternatives have, for some range of 

feedd composition, lower energy consumption than the conventional configurations (Petlyuk 

et.. al, 1965, Alatiqi and Luyben, 1985, Doukas and Luyben, 1978a, Cheng and Luyben, 

1985).. However, the dynamics and control of these systems is as important as energy saving 

(Freyy et. al, 1984, Doukas and Luyben, 1978b, Alatiqi and Luyben, 1986, Ding and Luyben, 

1990). . 

OriginalOriginal contribution 

Forr conventional distillation columns, rules endorsed by industrial experience lead to 

controllablee designs. More decisions, for which no guidelines are available, are involved in 

thee design of complex configurations. They affect the controllability properties, besides 

energyy consumption, total annual cost or other economic index. However, a fixed design was 

assumedd in the previous studies on controllability of heat-integrated complex distillation 

arrangements.. Hence, interaction between design and control was not addressed. 

Chapterr  2 (Bildea and Dimian, 1999a) investigates the interaction between design 

andd control of a heat-integrated prefractionator / side-stream column configuration for ternary 

separationn (Figure 0.1). For this arrangement, an important design decision refers to the split 

betweenn the light and heavy components to be performed in the prefractionator. According to 

this,, several designs are possible. They are presented and discussed, for both the forward and 

reversee heat-integration alternatives. Multi-input multi-output (MIMO) controllability 

analysiss is performed based on linear models. 

Forr the forward heat-integration arrangement, the design with a small prefractionator 

performss better. It has excellent controllability properties and good composition control can 

bee obtained using only temperature measurements. The reverse heat-integrated alternative is 

moree interactive. In this case, good control can be achieved only if at least one composition 

analyserr is available. Controllability is improved if a sharp split between the light and heavy 

componentss is performed in the prefractionator. 
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Figuree 0.1. Prefractionator  / side stream column configuration for  ternary 
separation n 

Chapterss 3-4. Nonlinear  approach to design of heat-integrated reactors 

PreviousPrevious work 

Fromm the rich literature about the nonlinear behaviour of reacting systems, only a few 

articless are dedicated to heat-integrated chemical reactors. Lovo and Balakotaiah (1992) 

computedd the uniqueness-multiplicity boundary of the tubular reactor with internal or external 

heatt exchange and CSTR with external heat exchange. For limiting cases, they presented 

analyticall  expressions of the ignition, extinction, and cusp points. Subramanian and 

Balakotaiahh (1996) classified the steady-state and dynamic behaviour of several distributed 

reactorr models, including the CSTR with external heat exchange and the tubular reactor with 

internall  heat exchange. 

OriginalOriginal contribution 

Whenn the work presented in this thesis was started, the author faced the unsuccessful 

simulationss of the toluene hydrodealkylation plant. A close look to the convergence process 

revealedd the cause: the heat-integrated reactor exhibited multiple steady states, and the 

ignited,, middle or extinguished steady state was found, depending on the tear-streams 

initialisation.. Then, the author realised the analogy between the dynamic behaviour of the 
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plantt and converging its steady state simulation by the direct-substitution method. Hence, it 

becamee apparent that nonlinearities play an important role in operability. Nevertheless, from 

thee previous studies it was not clear how the results of nonlinear analysis should be applied to 

designn controllable plants. Later, when the nonlinear study of the heat-integrated PFR was 

completed,, a methodology emerged: divide the space of the design parameters into regions 

withh different steady-state and dynamic bifurcation diagrams by computing loci of 

codimension-22 singular points, and identify desirable regions of operation and potential 

stabilityy or operability issues. Simultaneously with the work presented in this thesis, Khinast 

ett al. (1998) applied the same methodology for the continuously stirred decanting reactor. 

Chapterr  3 (Bildea and Dimian, 1998) studies the steady-state and dynamic behaviour 

off  the heat-integrated PFR. (Figure 0.2). A first-order, irreversible, exothermic reaction, and 

adiabaticc reactor operation is considered. 

4c c 

TTA A STEAMM GENERATOR 

T, T, 

FEHE E 

r. . 

4h h 

FURNACE E 

REACTOR R 

Figuree 0.2. Heat-integrated PFR. 

Thee steady-state and dynamic behaviour is classified by computing the hysteresis, 

isola,, boundary-limit, double-zero and double-Hopf varieties. State multiplicity, isolated 

solutionn branches and oscillatory behaviour are possible for realistic values of model 

parameters.. The influence of reaction kinetics and thermodynamics and FEHE efficiency on 

thee extent of multiplicity region is studied. Subsequently, it is discussed how the results can 

bee used to avoid operational problems and a design methodology is proposed. Three reaction 

systemss with different kinetic and thermodynamic characteristics are used as examples. 
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Chapterr  4 (Bildea and Dimian, 1999b, Bildea et. al, 2001) analyses a more complex 

system:: first-order, reversible, exothermic reaction, and adiabatic operation in a two-bed 

tubularr reactor. Again, steady-state and dynamic classification is achieved by computing the 

hysteresis,, isola, boundary-limit, double-zero and double-Hopf varieties. State multiplicity, 

isolatedd branches and oscillatory behaviour are possible for realistic values of model 

parameters.. Subsequently, it is shown how the results may be used to avoid operational 

problems. . 

Chapterr  5. Control of heat-integrated reactors 

PreviousPrevious work 

Controll  of heat-integrated reactors was considered mostly by linear techniques. 

Silversteinn and Shinnar (1982) evaluated the stability of a heat-integrated reactor using the 

frequencyy response of the individual equipment components. They considered the multiplicity 

regionn and concentrated on the intermediate, open-loop unstable operating point. Tyreus and 

Luybenn (1993) analysed a reactor / preheater process. Reactor dynamics (dead-time and 

inversee response) was captured by a transfer function containing a gain, a positive zero, dead-

timee and two first-order lags. Luyben et al. (1998) considered the control of the heat-

integratedd PFR, without steam-generator. Using nonlinear dynamic simulation, they showed 

thatt systems with low heat-integration (large furnace, small feed-effluent heat-exchanger) are 

easierr to control. 

OriginalOriginal contribution 

However,, the meaning of "large" or "small" units was unclear and extension to other 

reactionn systems was not obvious, because the results were presented in terms of dimensional 

variables.. Moreover, it was not evident how the designer can find the stabilisability limit in 

otherr way than performing extensive dynamic simulation. 

Chapterr  5 (Bildea et. al, 2000a) studies the interaction between design and control of 

aa heat-integrated PFR. A nonlinear, dynamic model is developed. It is shown that two design 

parameterss have to be set during conceptual design: FEHE efficiency and steam-generator 

duty.. Four different design alternatives, for which controllability problems are expected, are 

investigated.. Three different control structures are considered. Linear controllability analysis 

showss that systems with small steam-generator and large FEHE are difficult to stabilise. 

Bypasss around the FEHE can not be used to reject disturbances and there is no incentive to 

controll  both FEHE and furnace outlet temperatures. Next, the nonlinear behaviour of the 
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controlledd system is analysed by bifurcation theory. The range of the dimensionless design 

parameterss for which the system can not be stabilised is detected. The operating points are 

classifiedd according to their position relative to different bifurcation varieties (Figure 0.3). 

Doingg this, the meaning of "small" or "large" units becomes clear. The results are confirmed 

byy nonlinear dynamic simulation. 
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Figuree 0.3. Phase diagram in the space of design parameters. 
Cuspp and Hopf-and-pitchfork varieties divide the parameters space into regions with 
differentt conversion vs. controller gain bifurcation diagrams. 

Chapterr  6. Multipl e steady states in binary distillation 

PreviousPrevious work 

Thee possibility of state multiplicity and instability in ideal distillation was 

simultaneouslyy recognised by researchers at University of Trondheim and Technical 

Universityy of Denmark. Jacobsen and Skogestad (1990, 1991) pointed out the following 

sourcess of multiplicity: 1) the nonlinear transformation between mass and molar flow rates, 

andd 2) interaction between flows and composition due to energy balance. Nielsen (1990) 

presentss experimental purity vs. volume reflux rate diagrams, that prove the existence of 
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multiplee steady states. Kienle et al. (1995) and K0ggersbol et. al (1996) found experimentally 

multiplee steady states in the methanol-propanol separation. They computed the locus of limit 

pointss and presented different bifurcation diagrams. 

OriginalOriginal contribution 

However,, previous studies considered only one column design and only one mixture. 

Moreover,, they did not provide a complete classification of the steady state behaviour. 

Chapterr  6 (Bildea and Dimian, 1999c) analyses the multiplicity of states in binary 

distillationn by rigorous application of the singularity theory. The mass reflux flow rate is 

consideredd as bifurcation parameter. Codimension-2 varieties (Figure 0.4), dividing the feed 

compositionn (ZF) - boilup (V) parameter space into regions with different types of bifurcation 

diagramss (Figure 0.5), are computed. Finally, the effect of physical and design parameters on 

thee location and extent of the multiplicity regions is investigated. 

oo -I ' i 1 1 1 

00 25 50 75 100 

V V 

Figuree 0.4. Typical phase diagram for  ideal, constant molar  overflow, binary distillation . 
HH  - hysteresis; BL - boundary limit; DC - double cross; CL - cross-and-limit. Bold 
linee represents the unicity-multiplicity boundary. Different types of bifurcation 
diagramss existing in regions I - V are presented in Figure 0.5. 
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Ia ,b,cc Ila li b lie 

Ili aa nib 

2-3-22 J 2-1-2 1(L)-2(LM) 1(M)-2(LM) 

DD - total reboil 
OO - total reflux 
LL - lower solution branch 
MM - middle solution branch 
UU - upper solution branch 

Figur ee 0.5. Distillat e concentration vs. mass reflux bifurcatio n diagrams. 
Diagramss I - V correspond to regions I - V in Figure 0.4. 

Chapterr  7. Nonlinear  behaviour  of reactor  - separator  - recycle systems 

PreviousPrevious work 

Thee stand-alone reactor was the subject of most applications of nonlinear analysis in 

chemicall  reaction engineering. Although the effect of recycling a fraction of the reactor 

effluentt has been occasionally studied (Pareja and Reilly, 1969, Recke and J0rgensen, 1999), 

thee systems considered are not good examples for chemical reactors in recycle plants. 

Typically,, the reactor effluent is processed by the separation section. Hence, the composition 

andd temperature of the recycle stream are different from the reactor effluent. Moreover, often 

temperaturee controllers keep constant reaction temperature, or, for adiabatic reactors, constant 

temperaturee of the reactor feed. 

OriginalOriginal contribution 

Thee following points wil l argue that the nonlinear behaviour of reactor-separator-

recyclee systems is relevant for integrating conceptual design and plantwide control: 

1.. When integrating conceptual design and plantwide control, the need for quantitative 

informationn is in contradiction with the requirement of early consideration. These two 

IV aa IVb V 

2(MU)-1(U)) 2(MU)-1(M) 1(M) 
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itemss can be reconciled at the "recycle structure of the flowsheet" stage in the 

hierarchicall  design methodology. At this point, the reactor is the first unit to be 

consideredd in detail because the chemical species present in the reactor effluent 

determinee the separation section. Hence, because reactor modeling, sizing, and control 

aree considered before separation is addressed, the first available quantitative model of 

thee plant consists of black box separation and kinetic reactor, connected by recycle 

streams. . 

2.. The author considers that the essential task of plantwide control is to maintain the 

materiall  and energy balance of the whole process, while controlling the condition of the 

streamss leaving the plant (products, by-products, emissions, etc.). In most cases, the 

energyy balance can be controlled easily by diverting any imbalance towards the utility 

system.. Controlling the mass balance is more difficult, because every component (even 

traces)) fed into the plant or formed through a chemical reaction must leave the plant, as 

aa product or through a chemical reaction. These considerations emphasise the important 

rolee played by reactor design in controllability properties of the process. 

Chapterr  7 (Bildea et. al, 2000b) addresses the nonlinear behaviour of certain reactor-

separator-recyclee systems (Figure 0.6). 

Figuree 0.6. General structure of Reactor-Separator-Recycle systems. 
Eachh general stream (Plant feed; Reactor feed; Reactor effluent / Separation feed; 
Recycle;; Products) represents an arbitrary number of real streams. 
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Thee dimensionless mole-balance equations of reactor-separator-recycle system are 

parameterizedd by the plant Damkohler number (Da) and the separation specifications. When 

onee reactant is involved, it is demonstrated that reactant accumulation does not occur if Da > 

Da*,Da*, where the critical value Daa depends on separation performance. For Da - Da01, a 

transcriticall  bifurcation of the mole balance equations takes place. For high purity of product 

andd recycle streams, Da" = 1. These conclusions apply to the CSTR, PFR, first-order and n*-

orderr reactions. 

Further,, when two different control structures are compared, it is shown that their 

relativee performance depends on the design. Close to Daa (small reactor or slow kinetics), it 

iss necessary to change the reaction conditions when disturbances affect the process. 

Finally,, two different control structures for a second order reaction are discussed. In 

thesee cases, the critical value of the plant Damkohler number corresponds to a fold bifurcation 

off  the mole balance equations. 

Reviewingg several plantwide control studies that reported bad controllability, it was 

foundd that the designs considered are close to the critical value of the plant Damkohler 

number. . 
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