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Chapter r 

i i 
Introductio n n 

1.11 Scope 

Thee central question in this thesis is 'How to design and optimize complex plants with 

superiorsuperior dynamic behavior and controllability features'. The design of complex integrated 

plantss is nowadays well established as far as the steady state operation is concerned. 

However,, the analysis of plant dynamics during the conceptual design stage, which aims to 

producee better flowsheet alternatives from controllability point of view, is a recognized, but 

yett unresolved problem. The goal of this work is to develop an approach for the conceptual 

designn of an optimal flowsheet structure of a complex chemical plant with good plantwide 

controllabilityy properties. 

Thee synthesis of complex processes with good controllability characteristics is a huge and 

challengingg problem with many aspects. It requires the simultaneous optimization of 

flowsheetflowsheet structure and equipment sizing while taking into account the dynamics of all units 

andd all dynamic interactions. Special attention has to be paid to the recycle structure, since 

recyclee interactions may have a strong effect on dynamic behavior, especially in complex 

plants.. This may have a significant influence on the performance of individual units. 

Therefore,, the behavior of a unit in an integrated plant may differ considerably from the 

behaviorr of the same unit as a stand-alone object. Consequently, the control system for a 

complexx plant should not be designed by considering only stand-alone units. Effective 

plantwidee control structures must be identified and implemented. 

Severall  concepts are available to develop a plantwide control system for a given plant design 

(Luybenn et al., 1999). However, constraints originating from the design may be limiting the 
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optimizationn of the control system. In such cases design modifications that relax the 

constraintss will improve the controllability of the plant. Therefore, a real need exists to 

incorporatee a controllability study early in the conceptual design, in order to evaluate several 

flowsheett structure alternatives on their dynamic behavior and controllability. One may then 

selectt the best alternative, not only regarding steady state economics, but also with respect to 

controllability. . 

Itt may also be interesting to include optimization techniques in the design procedure. The 

simultaneouss optimization of flowsheet structure and equipment sizing may be seen as a large 

Mixedd Integer Non-Linear Programming (MINLP) problem. A super-structure of flowsheet 

alternativess can be formulated, using integer variables and rigorous dynamic non-linear unit 

operationn models. The objective is the minimization of a certain cost function. Plantwide 

controllabilityy criteria can be added as additional constraints to assure a controllable plant 

design.. Both the incorporation of controllability criteria and the use of optimization 

techniquess in the conceptual design procedure will be covered in this thesis. 

1.22 Motivatio n 

Thee synthesis of complex processes with good controllability characteristics requires specific 

attentionn for the recycle structure. Convergence problems in steady state simulations may be 

causedd by infeasible specifications in combination with recycle loops. Recycle interactions 

mayy also have a strong effect on dynamic behavior. Overall response times are much larger 

ass a result of recycle loops and dead times may lead to resonant peaks in the frequency 

response.. Two simple examples will demonstrate these effects. 

Figuree 1.1; Simple flowsheet with reactor, separator  and recycle loop 

TheThe simulation will  not converge if a purge flowrate is specified. A better specification is the 

ratioratio between purge and recycle or the recycle flowrate itself. 



Introduction n 3 3 

1 —

'—'—* * 

S2 2 it it 
WW  ÓC 

Figuree 1.2; Plantwide control for  make-up streams 

AA workable plantwide control structure is obtained if the make-up streams of both A and B 

areare introduced in the recycle loops via a level control of the reflux drum, respectively the 

bottombottom of the separation columns, while recycle flowrates of A and B are fixed. 

1.2.11 Convergence problems in steady state modeling 

Steadyy state simulations are confronted sometimes with very difficult convergence or non-

convergence.. These problems may originate from infeasible specifications at the flowsheet 

level,, if the material balance is not respected, or strong interactions between recycle loops. It 

shouldd be realized that flowsheeting problems might also reveal practical plantwide control 

problems.problems. This is illustrated with a classical simple example. 

Figuree 1.1 shows a simple flowsheet. The reaction A + B => C is performed in a reactor R. 

Thee outlet mixture passes through a condenser, followed by the separation of the product 

fromm unconverted reactants being recycled. A purge is necessary because of impurities 

initiallyy contained in reactants. The purge flowrate and the optimal A/B ratio in the reactor 

mayy be considered as specifications. A simulation exercise shows that it is difficult, if not 

impossible,, to obtain convergence using these specifications. The situation improves when 

thee purge flowrate is expressed as a ratio with respect to the recycle stream. Moreover, the 

convergencee will be very easy when the recycle flowrate is fixed and the purge may vary 

freely. . 
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Luybenn (1993) therefore proposed an important generic rule for designing plants with recycle 

streams:: 'fix some flowrate somewhere in the material balance recycle loop'. The make-up 

flowflow of reactants can then be 'regulated' with a controller to meet the reaction requirements 

andd to compensate losses. This rule is illustrated by a plant where the reaction A + B => C 

takess place in a liquid phase reactor R (Figure 1.2). In SI the unconverted reactant B is 

separatedd from the mixture A/C and recycled to the reactor. In S2 the product C is separated 

fromfrom the reactant A, which is also recycled. A workable plantwide control structure is 

obtainedd when the make-up streams of both A and B are fed into the recycle loops via a level 

controll  of the reflux drum, respectively the bottom of the separation columns, while recycle 

flowratess of A and B are fixed. Then changing the recycle flowrates can modify the 

throughput. . 

1.2.22 Recycle interaction effects on the dynamic behavior 

Thee existence of a recycle may profoundly affect the dynamic behavior of a process. The 

overalll  plant response will have a longer characteristic time and a higher steady state gain 

thann the individual elements (Denn and Lavie, 1982). This is illustrated by the following 

example. . 

Figuree 1.3 shows the schematic representation of a closed loop system, where the forward 

processs may be described by the second order transfer function: 

Gf(s)) = - r i r^ r r <u> 
TfSS +24fTfS + l 

whilee the recycle may be described by a first order transfer function with lag time: 

KK e~TdS 

Gf(s)) = - ï (1.2) 
TrSS + l 

wheree Kf forward process gain Kr recycle process gain 

tff  forward time constant xr recycle time constant 

4ff  forward damping factor Td recycle lag time 

Thee closed loop process is then described by: 

G(s)== ° ' ( S) - K ' ( t ' S + 1) _ (..3) 
l -G f (s)Gr(s)) (TJs2+24fT fs + lXT rs + l ) -K f K r e

 ldS 
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Figuree 1.3; Closed loop system with forward and recycle process 

Figuree 1.4 shows the response of this system for Kf = 1, %t~ 1, £$ = 1, K*  = 0.5 and several 

timee constants (xr) and lag times (Td) of the recycle process. It can be seen that enlarging the 

recyclee time constant considerably increases the global time constant and resonant peaks will 

appearr if the recycle loop contains a long lag time. 
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Figuree 1.4; Frequency responses of a closed loop system 

WhenWhen the recycle time constant is increased, the response starts to deviate from steady state 

atat a lower frequency, which implies that the overall time constant is larger. When 

additionallyadditionally the recycle lag time is increased, the overall time constant becomes even larger. 

TheThe resonant peak around 0.31rad/s is the result of interaction between the forward and the 

recyclerecycle processes. Around this frequency the recycle process oscillates in the same phase as 

thethe forward process. This enlarges the magnitude of the overall process. The peaks around 

0.630.63 rad/s, 0.95 rad/s and higher frequencies are overtones. Their magnitudes decrease 

regularlyregularly by l/e. 
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Thee examples given above suggest the idea that convergence difficulties in steady state 

fiowsheeting,, dynamic material balances and plantwide control problems are linked with each 

other.. This has inspired us to get a deeper understanding of the controllability properties of a 

flowsheet,, including the effect of recycles. It would be desirable to have quantitative tools to 

evaluatee such effects. The use of rigorous simulation software would be also preferable, 

becausee this preserves the physical reality, particularly with respect to thermodynamics and 

detailss of design. 

1.33 History 

Gillilandd et al. (1964) started in the early 60-ties the study of the basic couple in a flowsheet, 

thee reactor/separator system. They showed that the overall dynamics may strongly differ from 

thee dynamic behavior of individual units. In general, it was found that a recycle increases the 

processs response time as well as the sensitivity to disturbances (positive feedback). Later 

Verykioss and Luyben (1978) considered the same problem with separation dynamics, 

demonstratingg that the recycle may also exhibit an underdamped behavior. Denn and Lavie 

(1982)) found that resonant peaks may occur in the frequency response when the recycle path 

containss a time delay, these peaks being of the same order of magnitude as the plant steady 

statee gain. Papadurakis at al. (1987) also studied the simple reactor/separator system and 

foundd that RGA for isolated units is insufficiently reliable to give a correct measure of 

interactionss in the flowsheet. 

Buckleyy (1974) has invented a first synthesis methodology for plantwide control systems 

basedd on the dynamics of the material balance, which proved to be fruitful in industry. Price 

hass reported an improvement of this methodology with respect to throughput control (Price et 

al.,, 1994). Downs (1992) has demonstrated the importance of component inventory for 

plantwidee control strategies. In this respect also the importance of purge placement (Joshi and 

Douglas,, 1992) should be mentioned. 

Luybenn (1993) started a more systematic study on the rationale of recycle systems dynamics, 

demonstratingg that recycle and reactant feed or make-up policies are interrelated. He 

proposedd an important generic rule for designing plants with recycle streams: ''fix some 

flowrateflowrate somewhere in the material balance recycle loop\ Consequently, new reactor feed 

proceduress with superior operability properties may be considered. Luyben studied the 

applicationn of these guidelines to more complex flowsheets (1995), finding that reaction steps 

andd inventory regulation of intermediate species affect the operability. Some control 
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structuress may have multiple steady states and produce closed-loop instability. All of these 

findingss have recently been published in a first book about plantwide control (Luyben et al., 

1999). . 

Thee use of open-loop controllability measures as evaluation tools in Conceptual Design has 

beenn promoted by several authors (Barton et al., 1991, Mizsey and Fonyo, 1991, Lyman and 

Georgakis,, 1995, Morud and Skogestad, 1993, Wolff and Skogestad, 1992). Morud (1995) 

studiedd the dynamics of some basic elements of a complex plant, while Wolff (1994) 

emphasizedd controllability measures as applied to recycle systems. Skogestad and 

Postlethwaitee (1996) gave an overview of multivariable feedback control. 

Althoughh considerable progress has been reported in the sources mentioned, it is not obvious 

howw to obtain profit from these tools in the design practice of complex plants. Not only 

analyticall  investigations using simplified models, but also industrial case studies with design 

andd thermodynamic constraints should be employed as test cases in order to achieve a 

systematicc methodology in integration of conceptual design and plantwide control. In 

additionn it should be noticed that most of the work has been performed only on how to 

evaluateevaluate existing design alternatives, but littl e on how to design the plant in order to meet 

controllabilityy and flexibilit y requirements. This remains a big challenge. 

1.44 Outlin e of thi s thesis 

Inn chapter 2 a description is given of a method where the traditional steady state design is 

combinedd with dynamic modeling and controllability analysis tools, both static and in the 

frequencyy domain. In addition to well-know controllability analysis tools as Relative Gain 

Arrayy (RGA) and Singular Value Decomposition (SVD), new tools are introduced to analyze 

thee performance of multivariable control structures in terms of controller errors. These tools 

aree the Performance Relative Gain Array (PRGA), the Closed Loop Disturbance Gain 

(CLDG)) and the Relative Disturbance Gain (RDG). They are applied in this thesis, for the 

firstfirst time, for plantwide control purposes. This is in contrast with previous studies, directed 

almostt exclusively to individual units of equipment or academic exercises. 

Thee systems approach renders simulations more profitable than the usual sensitivity studies 

do.. Complex flowsheet structures and alternative control systems can be evaluated, 

controllabilityy features can be improved by design modifications and finally the best 

flowsheett structure and control system alternative can be selected. 
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InIn chapter 3 the systems approach will be illustrated by a case study dealing with the 

dynamicss of impurities in a complex Vinyl Chloride Monomer (VCM) plant. It is 

demonstratedd how connectivity between units and interactions between recycles may be 

exploitedd to create flowsheet alternatives with plantwide control structures that would be 

infeasiblee in a stand-alone unit. The control structures may involve variables belonging to 

differentt parts of the plant. The controllability properties are determined by the competition 

betweenn positive feedback effects, typically recycles, and negative feedback effects like exit 

streamss and chemical reactors. In this example an extra reactor is introduced, where 

impuritiess that are difficult to handle are transformed into other components. Since these 

componentss are easily removed from the recycle, the closed loop performance of the system 

iss improved with respect to disturbance rejection. 

Thee introduction of the extra reactor in the VCM case study gives access to several 

alternativee recycle structures. These structures and their controllability properties will be 

investigatedd in chapter 4. This will lead to a better understanding of the interaction between 

recyclee loops and the effect of these interactions on the controllability of material balances. It 

wil ll  be shown that the recycle structure strongly affects the nominal operating point of the 

plantt and how this will affect the controllability. Therefore, part of the discussion on recycle 

structuress shifts to a discussion on nominal operating points, in particular the nominal values 

off  the impurity levels. 

Thee case studies show that through dynamic flowsheeting, with control features being 

incorporated,, more essential design and operation knowledge is obtained. In addition, the 

largee dynamic plant models give access to a whole class of controllability tools that usually 

aree applied on small problems. Consequently, a large dynamic model requires an adequate 

reductionreduction in size, which is not a trivial problem. This will be discussed in chapter 5. 

Chapterr 6 deals with a more rigorous approach to optimize complex flowsheet structures. 

Dynamicc simulations may be combined with optimization techniques in order to find an 

optimall  flowsheet structure, according to a certain objective function for a given set of design 

andd control constraints. This objective function is most likely, but not necessary an economic 

function.. The constraints will contain plantwide controllability criteria to ensure a 

controllablee plant design. One option is to solve the dynamic model separately at each 

iterationn of the optimization program. Another option is the direct approach, where the 

dynamicc simulation problem is added to the optimization problem as a set of equality 

constraints.. Dynamics are dealt with using discretization of the differential equations by a 

collocationn technique. The discrete character of the problem is dealt with by formulating a 
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superstructuree of flowsheet alternatives, expressed as models containing integer variables and 

rigorousrigorous dynamic nonlinear unit operation sub-models. This requires optimization techniques 

forr discrete variables and thus finally the problem is reformulated as a dynamic MINLP 

problem.. Both methods will be introduced and illustrated by some practical examples. Then a 

comparisonn is made and suggestions for improvement are given. 

Finally,, the main results and conclusions from this thesis are collected in chapter 7. 




